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Résumé

Les savanes sont caractérisées par la coexistence de deux types de plantes complètement

différentes, les herbes et les arbres. Bien que la coexistence de plusieurs espèces soit assez

difficile à expliquer, la séparation de niche entre les herbes et les arbres et la présence de

perturbations permettent d’expliquer la coexistence herbe-arbre en savane. Dans les savanes

humides, la productivité est aussi élevée que dans les forêts tropicales. Dans la savane de

Lamto en Côte d’Ivoire, cette productivité est due en partie à la capacité des herbes à inhiber

la nitrification. Les arbres peuvent également stimuler la nitrification. Ces deux stratégies

suggèrent un partage de l’azote qui pourrait faciliter l’acquisition de l’azote entre les herbes

et les arbres et donc favoriser leur coexistence. J’ai tenté de répondre à cette question par

l’élaboration de modèles mathématiques.

La construction et l’analyse d’un modèle mathématique champ-moyen prenant en

compte la capacité des plantes à contrôler la nitrification a permis de montrer que la

coexistence entre les herbes et les arbres est possible quand les plantes ont des préférences

différentes pour l’ammonium et le nitrate.

Un second modèle à deux patchs a été réalisé pour prendre en compte l’hétérogenéité

spatiale au niveau des flux de nitrification due à l’inhibition de la nitrification par les herbes

et la stimulation par les arbres. Ce modèle spatial inclut les échanges d’azote possible entre

les deux patchs grâce à l’exploration racinaire des arbres hors canopée. L’analyse de ce

modèle a permis de montrer l’effet de l’hétérogénéité spatiale et de l’exploration racinaire des

arbres sur les flux d’azote et le bilan d’azote de la savane de Lamto. L’exploration horizontale

des arbres hors de leur canopée leur permet permet de bénéficier de la forte disponibilité de

l’ammonium hors canopée lorsqu’ils ont une préférence pour le nitrate sous canopée et pour

l’ammonium hors canopée. Ces flux horizontaux pourraient contribuer à l’enrichissement

en nutriments sous les canopées des arbres, ce qui peut influencer le bilan d’azote dans la

savane de Lamto.

Le modèle à deux patchs a permis également d’étudier l’effet de l’hétérogéneité spatiale

sur la compétition entre les herbes et les arbres pour l’azote. L’analyse du modèle montre

que cette hétérogéneité spatiale peut faciliter la coexistence en réduisant la compétition

entre les herbes et les arbres grâce au partage de l’azote minéral. La coexistence herbe-arbre

est facilitée quand les herbes préfèrent l’ammonium et les arbres le nitrate sous canopée

et l’ammonium hors canopée. Ce modèle permet de confirmer que le partage de l’azote

minéral en deux formes ammonium et nitrate peut être considéré comme un mécanisme

de coexistence entre les herbes et les arbres dans la savane de Lamto et probablement dans

d’autres savanes humides d’Afrique de l’Ouest qui ont une végétation similaire à celle de

Lamto.



Abstract

Savannas are characterized by the coexistence of two different types of plants, grasses and

trees. Although the coexistence of many species remains difficult to explain, tree-grass

coexistence in savannas can be explained by niche separation between trees and grasses and

disturbances. The primary productivity is high in humid savannas as in tropical forests. In

the Lamto humid savanna, this high productivity is partly due to the capacity of grasses to

inhibit nitrification. Similarly, trees can stimulate nitrification. These two strategies suggest

that nitrogen partitioning could facilitate nitrogen acquisition between trees and grasses

and therefore can promote their coexistence. Using mathematical models, we investigated if

nitrogen partitioning can be involved in tree-grass coexistence.

First, I built a mean-field model taking into account the capacity of plants to control

nitrification. This first model allows showing that coexistence between trees and grasses is

possible when trees and grasses have contrasted preferences for ammonium versus nitrate.

A second two-patch model has been implemented to take into account the spatial

heterogeneity of nitrification fluxes due to the inhibition of nitrification by grasses and the

stimulation of nitrification by trees. This model also includes nitrogen transfers between

these two patches through the horizontal soil exploration by tree roots in the open. Model

analysis allows determining the effect of spatial heterogeneity and soil exploration by trees on

nitrogen fluxes and the nitrogen budget of the Lamto savanna. The horizontal soil exploration

by tree roots in the open allows trees to benefit from the high ammonium availability in the

open when they have a preference for ammonium in the open and for nitrate under their

canopy. These horizontal fluxes could lead to the nutrient enrichment under tree canopy,

which can influence the nitrogen budget in the Lamto savanna.

The two-patch model also allows studying the effects of spatial heterogeneity on the

competition of trees and grasses for nitrogen. This models shows that spatial heterogeneity

can facilitate coexistence by reducing the competition between trees and grasses through

nitrogen partitioning. Tree-grass coexistence is favored when grasses prefer ammonium

and trees prefer nitrate under tree canopy and ammonium in the open. This model allows

confirming that mineral nitrogen partitioning under two forms ammonium and nitrate can

be considered as a coexistence mechanism between trees and grasses in the Lamto savanna

and likely in other West african humid savannas having the same plant species as the Lamto

savanna.
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Chapter 1 – Introduction

1.1 Plant-soil feedbacks

Interactions between plants and soil organisms are important for ecosystem functioning

and particularly for plant community dynamics and ecosystem processes. Through their

associations with soil organisms, plants can modify the physical, chemical and biological

properties of their immediate environment (Harrison and Bardgett, 2010), which feedbacks

to themselves. These interactions can be positive or negative depending on their influence on

plant growth (Fig. 1.1) (Bever, 2003). An individual plant can modify the soil so as to increase

(positive feedback) or decrease (negative feedback) their own growth rate relative to other

species (Bever et al., 1997). Plant-soil feedbacks affecting individuals of the species modifying

the soil are considered as direct, while those affecting another plant species are indirect

(Van der Putten et al., 2013).

Figure 1.1 – Effects of plant-soil feedbacks on plant community organization (Adapted from Van der
Putten et al. (2013)). Panel a) represents how plants can create direct and indirect feedbacks. Panel
b) shows how negative feedback can influence species coexistence. Panel c) illustrates the effects of
positive and negative feedbacks on plant abundance.

Most of the interactions between plants and soil microorganisms influence nutrient

availability. Positive plant-soil feedbacks involve processes that directly stimulate soil

microbial activity and hence increase the soil nutrient availability or enhance plant uptake

(Klironomos, 2002). Rhizosphere microorganisms can control plant performance by

influencing mineral solubilization, fixing nitrogen (N), or suppressing plant pathogens

detrimental for plant growth (Bever et al., 1997). Associations between legumes and N-fixing

bacteria have long been studied (Graham and Vance, 2000). Plants are able to fix atmospheric

N through their symbiotic association with N-fixing bacteria rhizobia and in turn these

bacteria benefit from plant carbon. Interactions between plants with mycorrhizal fungi

are also important for plant acquisition by increasing the surface area of roots available to

enhance nutrient capture (Hodge, 2006). By contrast, negative plant-soil feedbacks occurs

through soil resource depletion (Berendse, 1994), the presence of soil pathogens and parasites

(Packer and Clay, 2000) and the release of some toxic compounds (Armstrong and Armstrong,
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2001). These effects can affect plant performance and can limit plant survival, growth and

reproduction.

Some studies showed that plant-soil feedbacks can influence the coexistence of com-

petitive species (Bever, 2003; Bever et al., 1997). Models developed by Bever et al. (1997) and

Bever (2003) showed that positive feedbacks tend to increase dominance in plant commu-

nities and hence to reduce species diversity while negative feedbacks have been showed to

enable coexistence of competing species. In the absence of negative feedbacks, the strength

of interspecific competition increases. However, when negative feedbacks become more

important, the negative effects on conspecific growth can favor the establishment of the

competitor, which ultimately leads to an indirect reciprocal positive interaction between

competing species (Bonanomi et al., 2005).Taken together, plant-soil feedbacks have impor-

tant impacts on plant diversity and plant spatial distributions but can also affect ecosystem

processes such as nitrogen cycling.

1.2 Nitrogen cycle

Nitrogen (N) is one of the most limiting factors of plant productivity in agricultural as well as

in natural ecosystems (Miller and Cramer, 2004; Tilman, 1985; Vitousek and Howarth, 1991).

The availability of N in ecosystems is strongly influenced by mineralization, nitrification and

denitrification processes, besides other inputs and losses of N (Fig. 1.2).

1.2.1 Nitrogen inputs

Atmospheric depositions

Dry and wet depositions provide N inputs in both organic and mineral N (ammonium, NH+
4

and nitrate, NO−
3 ) forms. Plants can intercept the small particles contained in rains, fogs and

dust depositions. The importance of atmospheric depositions in ecosystem N availability

varies according to ecosystems and seasonality. N inputs by rains depend on rain frequency,

rain intensity and N content in rain (Abbadie, 2006).

Biological fixation of nitrogen

N is incredibly abundant in the atmosphere, being its principal constituent, and virtually

absent from the lithosphere. As a result, all N in soils originates from atmospheric N through

N fixation: fixation is the entry point of N into the biosphere from its biggest natural pool.

All other processes then appear as N recycling. N fixation can be achieved directly by (often

rhizospheric) bacteria and archaea (non-symbiotic fixation) or in associations with plants

(symbiotic N fixation). Non symbiotic fixation can contribute to the input of N to ecosystems.

It mainly occurs in the rhizosphere (near of plant roots) where they can benefit from root

exudates as energy source. Many studies show that the association of plants with N-fixing
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Figure 1.2 – Representation of N cycle. Dotted lines correspond to N inputs through atmospheric
depositions and dashed arrows represent N losses

bacteria provides high N inputs in terrestrial ecosystems (Menge et al., 2009). This strategy

allows to overcome N limitation in some ecosystems and can reduce competition for N

between plants.

1.2.2 Nitrogen inputs through nitrogen transformations

Nitrogen mineralization

Mineralization is defined as the biological transformation of organic N into inorganic N

in its dominant forms NH+
4 and NO−

3 mainly by microorganisms. NH+
4 is released from

organic N through the action of microbial enzymes. The input of organic matter in the soil

through plant litter (and to some extent root exudation) and dead animals provides both

carbon and energy to microbial biomass to produce mineral N. Once produced, NH+
4 can

be assimilated by microorganisms (immobilization), transformed into NO−
3 by nitrifying

organisms (nitrification) or directly absorbed by plants (Fig. 1.2). Mineralization can control

N availability for plants (Binkley and Hart, 1989; Mengel, 1996; Powlson and Barraclough,

1993). Reich et al. (2001) through their study showed that the annual primary production in

oak savanna stands is positively linked to soil net N mineralization.
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Many factors positively influence the net N mineralization: soil temperature and hu-

midity (Joshi et al., 2003), organic N content (Vervaet et al., 2002), plant biomass and soil

pH (Falkengren-Grerup et al., 1998). In contrast, the lignin content of the litter (Joshi et al.,

2003) as well as the soil C/N ratio (Côté et al., 2000; Janssen, 1996) negatively impact N

mineralization.

Nitrification

Nitrification is the transformation of NH+
4 into nitrite (NO−

2 ) and then into nitrate (NO−
3 ) by

nitrifying microorganims (autotrophic bacteria or archaea). It is mainly controlled by the

NH+
4 availability and therefore tends to be correlated with N mineralization (Booth et al.,

2005; Hart et al., 1997). In some cases, the uptake of NH+
4 by microorganisms and plants can

decrease the NH+
4 availability for nitrifying organisms. Some studies showed that nitrification

decreases with the soil C/N ratio or the lignin/N ratio of plant litter (Joshi et al., 2003). Other

factors can influence nitrification such as soil temperature (Haynes, 1986), soil humidity and

soil pH (Falkengren-Grerup et al., 1998; Li et al., 2007). The activity of nitrifying organisms

also increases with oxygen concentration.

The nitrification process can be inhibited by specific molecules contained in plant organs

(Kraus et al., 2003, 2004; Subbarao et al., 2007). These compounds tend to block the activity of

at least the ammonia oxidisers, and thus prevent the oxydation of NH+
4 into nitrite (Subbarao

et al., 2007; Ward et al., 1997).

1.2.3 Nitrogen outputs

Fire

In fire-prone ecosystems (e.g. savannas, meditteranean shrublands, dry forests, etc.), fire

contributes to losses of N by burning dry aboveground plant biomass and plant litter

(Abbadie, 2006). These losses by volatilization strongly decrease the quantity of N that

was supposed to enter the soil. Fire impacts on the N cycle depend on its intensity, itself

dependent on the date of burning and of the amount of fuel (dry plant biomass).

A part of the nutrients contained in the burned biomass comes back to the soil through ash

depositions (Abbadie, 2006). These depositions can have a positive effect on microorganisms

by providing immediately available nutrients. This N supply acts as priming effect, i.e., an

increase of the decomposition rate of soil organic matter after an input of easily available

organic matter (Fontaine et al., 2003), and stimulates the activity of soil microorganisms and

thus the regrowth of vegetation.
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Herbivory

The uptake of plants by herbivores influence plant abundance, which can feedback on N

cycling. An experiment of Belovsky and Slade (2000) showed that the density of grasshopers

can increase the N availability for plants and thus increase plant biomass but their effects

depend on the intensity of the insect herbivory. Some mammals spend a part of their time in

or under tree canopy as they benefit from nesting sites, shade and food. By absorbing plant

leaves, herbivores also absorb the N contained in these plants. A part of this N ingested by

herbivores comes back to the soil through their dungs/urine, which can affect N cycling.

Nitrogen leaching

N leaching constitutes an important N loss from the soil. It occurs in the form of dissolved

organic compounds (Van Breemen, 2002) or in the form of mineral N. As NH+
4 is easily

adsorbed by clay-organic matter complex (overall negatively charged), it is less mobile in the

soil than NO−
3 (Marschner, 2008). This increases N losses through NO−

3 leaching (Jussy et al.,

2004, 2000). Losses by leaching depend on the quantity of atmospheric inputs and the C/N

ratio of humus (Gundersen et al., 1998), soil structure, the intensity of the mineralization,

nitrification and microbial immobilization, and plant N uptake (Jussy et al., 2000).

Denitrification

In the absence or depletion of oxygen (anoxic conditions), nitrifying organisms can use

NO−
3 for cellular respiration. This process, called denitrification, constitutes an important

loss of NO−
3 in the gaseous form. Moreover, as in the nitrification process, an incomplete

denitrification can also lead to the release of NO and N2O in the atmosphere. Some studies

showed that many parameters affect the activity of denitrifying bacteria, especially NO−
3

concentration (Fillery, 1983; Sigunga et al., 2002), the organic matter content of the soil

(Brettar and Höfle, 2002), humidity, soil temperature, oxygen concentration and soil pH

(Dannenmann et al., 2008).

Besides denitrification, N can be lost through the volatilization of ammoniac (NH3),

specifically in conditions of basic soil pH (Zia et al., 1999).

1.2.4 Plant preference for nitrogen forms

Plant preference for the different forms of N available in the soil is strongly influenced by

many environmental and physiological conditions (Fig. 1.3) (Britto and Kronzucker, 2013).

The preference of plants for NH+
4 versus NO−

3 depends on the plant species. N is generally

absorbed in mineral form by plants. Some studies showed that the biomass of plants can

increase depending on the mineral N form absorbed, which suggests a certain preference

for one form compared to another one. Plants can directly assimilate NH+
4 , but a high NH+

4

absorption can be toxic for some plants (Britto and Kronzucker, 2002). Indeed, NH+
4 uptake
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Figure 1.3 – Factors influencing plant N preference (From (Britto and Kronzucker, 2013))

induces the release of H+ leading to soil acidification and reducing the availability of other

nutrients such as Ca2+, K+ and Mg 2+ (Britto and Kronzucker, 2002; Salsac et al., 1987).

Moreover, because of its positive charge, NH+
4 is easily adsorbed by clays and soil organic

matter (Marschner, 2008; Subbarao et al., 2015), which can make it less mobile within the soil

and unavailable to plants in dry soils. In contrast, as NO−
3 needs to be reduced before being

assimilated by plants, NO−
3 uptake can be energically costly for plants (Konnerup and Brix,

2010). Compared toNH+
4 +, the negative charge of NO−

3 makes it more mobile within the soil

and therefore readily available for plants (Marschner, 2008) but also more prone to leaching.

Because plants have different root transport systems for NH+
4 and NO−

3 , NH+
4 specialists can

have atrophied NO−
3 uptake systems (Britto and Kronzucker, 2002) or atrophied NH+

4 uptake

systems for NO−
3 specialists (Kronzucker et al., 1997). For most plants, the mixture of both

NH+
4 and NO−

3 increases their growth compared to an uptake of only NH+
4 or only NO−

3 (Britto

and Kronzucker, 2002; Britto et al., 2001).

Some studies also showed that in areas where the mineralization of N is low, plants are

able to absorb organic N (Chapin et al., 1993; Kielland, 1994; Schimel and Chapin, 1996). This

has been observed in alpine (Ashton et al., 2010), boreal (Jones and Kielland, 2002) and tundra

(McKane et al., 2002) plants. However, even if the proportion of organic and inorganic N forms

absorbed by plants differ between plants, few studies tried to quantify it (Leadley et al., 1997).

Some experimental studies showed that plants having preferences for different chemical N

forms (organic and inorganic N) can coexist (Ashton et al., 2010; Kahmen et al., 2006; McKane

et al., 2002). Plants can change their preference depending on the most available N form

(Britto and Kronzucker, 2013). An empirical study of Houlton et al. (2007) showed that plants

can change their N form by absorbing NO−
3 in dry sites and NH+

4 in humid sites.

24



Chapter 1 – Introduction

1.2.5 Effects of plant-soil feedbacks on nitrogen availability

Plant productivity is linearly correlated with soil N supply and N mineralization (Reich et al.,

2001). Plants can influence soil N cycling by controlling N inputs and outputs. Indeed, plant

architecture plays a major role in the interception of atmospheric N deposition, and hence on

the input of this nutrient in the system (Lovett, 1991). Symbiotic fixation also contributes to N

supply, and some studies show that its importance is dependent on plant biomass (Maron

and Jefferies, 1999).

Plants can also exert a strong influence on the availability of soil N through the depletion

of water and nutrients as well as the secretion of root exudates in the rhizosphere. N

mineralization tends to be higher in the rhizosphere than in global soil (Colin-Belgrand et al.,

2003; Priha and Smolander, 1999). Moreover, root exudates may also contain substances that

inhibit the activity of nitrifying organisms (Subbarao et al., 2006, 2007). Plants roots can also

influence nitrification by the absorption of NH+
4 , which indirectly decreases its availability for

nitrifying microorganisms.

Some studies on forest species showed that mineralization and nitrification processes are

influenced by plants (Augusto et al., 2002; Compton et al., 1998). The quantity and quality of

litterfall vary according to plant species (Augusto et al., 2002; Nugroho et al., 2006), which

can alter the rate of litter decomposition by microbial community and thus the rate of N

mineralization and nitrification (Persson et al., 2000; Scott and Binkley, 1997). But these

feedbacks on N availability strongly depend on microbial N loop as plant-available N is

determined by what is released by soil microorganisms after microbial immobilization (Knops

et al., 2002). Indeed, soil microorganisms have often been shown to be more competitive than

plants for mineral N in the soil (Jackson et al., 1989). Plant litter inputs affect mineralization

process by providing an easily degradable source of carbon for microorganisms.

Plants can also facilitate N recycling. In nutrient-limited ecosystems such as savannas,

Abbadie et al. (1992) showed that grasses directly take up nutrients produced through min-

eralization of their own dead roots, which results in a very efficient recycling system. Taken

together, plants can exert direct and indirect feedbacks on soil N cycling.

1.2.6 Effects of N recycling on ecosystem processes

The N availability strongly influence plant biomass and plant productivity at equilibrium

(Knops et al., 2002; Menge et al., 2009) in N-limited ecosystems. Plant productivity largely

depends on the balance between the N inputs and outputs, as well as on the recycling

efficiency of the latter (Barot et al., 2007; De Mazancourt et al., 1998). Plant-soil feedbacks

involve different mechanisms impacting the availability of soil N. The efficiency of nutrient

recycling strongly influences primary production by limiting nutrient losses through leaching.
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Barot et al. (2007) studied the effect of earthworms on N cycling through trophic and

non trophic activities, and found that their long-term effects on plants and earthworm

compartments depended on N recycling efficiency. The relative intensity of nutrient

transformation processes of a limiting nutrient, such as mineralization and nitrification,

plays a major role in its distribution within the different ecosystem compartments (Knops

et al., 2002, 1997). The higher the recycling efficiency, the higher the proportion of nutrients

conserved within the ecosystem along a complete N recycling loop.

Moreover, some organisms may impact N cycling by controlling N inputs and outputs

(Knops et al., 2002). These effects can influence the efficiency of recycling of limiting nutrient,

and the size of the different compartments involved in N cycling (plants, microorganisms,

soil organic matter, etc.) as well as the plant productivity. Models of De Mazancourt et al.

(1998) and de Mazancourt et al. (1999) suggest that the intensity of herbivory can increase the

primary production through their influence on N cycling. This likely occurs in ecosystems

frequently disturbed, such as savannas (De Mazancourt et al., 1998) where fires leads to

the volatilization of N contained in the litter and in the aboveground herbaceous biomass

through biomass burning. The assimilation of N by the herbivores is protected from fire and

then returned to the soil in the forms of dung or when animals die, which allows a part of the

N to be kept in the ecosystem.

Another model of Boudsocq et al. (2009) shows that plants may increase the primary pro-

duction through their influence on N cycling. They found that nitrification inhibition induced

by plants can increase primary production and the size of all ecosystem compartments. This

particularly occurs when the recycling efficiency of NH+
4 is higher than that of NO−

3 , i.e., when

plant uptake is higher than N losses. This shows that plants can improve N conservation

through their control of nitrification. This study also suggested that N recycling through

nitrification by plants could be one of the reasons explaining the high primary production

in humid savannas.

1.3 Savannas

Savannas are defined as ecosystems dominated by a dense layer of C4 grasses and C3 trees

and are geographically present in both temperate or tropical areas (Fig. 1.4) (Scholes and

Archer, 1997). They cover at least 12% of total land cover (Rutten et al., 2016). Savannas

occupy areas with mean annual precipitations ranging between 300 and 1800 mm (Accatino

et al., 2010), which influences the biomass of trees and grasses and leads to different types

of savannas: dry savannas for rainfall approximately lower than 650-700 mm/yr and humid

savannas for higher rainfall (Sankaran et al., 2005). Savannas can also be classified according

to their tree-grass ratio from grassy savannas to savanna woodlands. Tropical savannas are

considered as one of the most important biomes in tropical regions (Scholes and Archer,
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1997) and represent about one half of Africa. Moreover, savannas provide many services very

important for the often dense populations living in these areas: food supply, pasture for cattle,

soils for agriculture, fuel wood. . . . They also host an important biodiversity that contributes

to the economic development of some countries through hunting and tourism.

1.3.1 Coexistence mechanisms between trees and grasses in savannas

Several studies have tried to explain the coexistence of species on the same resources.

Although widely debated in literature, the coexistence of species on the same resources is

still difficult to explain (Barot and Gignoux, 2004) because of the principle of competitive

exclusion that limits the number of competitive species to the number of limiting resources

(Hardin, 1960). Indeed, this principle stipulates that coexistence of species on the same

resources is not possible because the best competitor (the one which maintains at lowest

level of resource availability) will exclude all the others on the long-term. The coexistence of

plant species seems particularly more difficult to explain as they rely on the same resources

(water, light, nutrients).

Figure 1.4 – Map of biome distribution showing savanna distribution over the world in orange (adapted
from Olson et al. (2001))

However, although the theoretical importance of plant coexistence has raised and still

generates numerous studies, the question of tree-grass coexistence and the stability of sa-
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vannas is very important in the context of climate and land-use changes. The maintenance

of savannas partly depends on the coexistence between trees and grasses. But this coex-

istence seems difficult to understand as trees tend to be more competitive for light than

grasses. Two theories are proposed to explain the coexistence between grasses and trees:

resource-based mechanisms due to competition for water (Walker and Noy-Meir, 1982;

Walter, 1971), and disturbance-based mechanisms affecting the demography of grasses

and trees (Bond, 2005; Higgins et al., 2010; Jeltsch et al., 2000)

Resource partitioning

Some studies suggest that resource partitioning through different root profiles between

trees and grasses leads to long-term coexistence between them (Van Langevelde et al., 2003;

Walker and Noy-Meir, 1982; Walter, 1971). Because of their high root density in the top soil

layers, grass roots are more competitive than trees for surface water acquisition. Contrary to

grasses, trees have the ability to reach deeper soil layers to increase their water acquisition

(Schenk and Jackson, 2002). This niche separation through different root depths can enable

coexistence between trees and grasses (Fig. 1.5) specially in dry savannas where water is the

main limiting factor (Ward et al., 2013). Indeed, water partitioning reduces niche overlap

and hence promotes the competition between trees and grasses. Water availability seems

to be the main driver of woody cover structure in arid and semi-arid savannas (Sankaran

et al., 2008). Indeed, in savannas where mean annual precipitation ranges between 150 and

650 mm, woody cover increases with rainfall. Some studies questioned the vertical root

separation proposed by Walter (1971) and found that grass and tree roots can overlap in the

same soil horizons (February and Higgins, 2010; Hipondoka et al., 2003), which can on the

contrary increase the competition for resources.

Plants can influence soil water availability through water uptake and water infiltration.

Some studies investigated the effects of the interactions between water and vegetation on

plant dynamics and coexistence in savannas through spatially-explicit models (Baudena

and Rietkerk, 2013; Gilad et al., 2007). While Gilad et al. (2007) assume that grasses and

trees can increase water infiltration and evaporation in their model, Baudena and Rietkerk

(2013) consider that only grasses increase water infiltration and tree shading favors water

evaporation. The latter found that the infiltration feedback can lead to stable coexistence in

arid savannas even without disturbances.

Other resources such as N and phosphorus (P) can be involved in competitive interactions

between trees and grasses in savannas (Cramer et al., 2007; Okin et al., 2008). February

and Higgins (2010) studied the distribution of tree and grass roots according to soil N and

water availability in both in an arid (rainfall 547 mm/yr) and a humid (rainfall 737 mm/yr)

savanna. They found that root distribution is positively correlated with soil N content but

negatively correlated with soil moisture. Moreover, because most studies have focused on the
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Figure 1.5 – Vertical root partitioning between trees and grasses

competition between trees and grasses for water, Donzelli et al. (2013) through a theoretical

approach studied the conditions of coexistence between trees and grasses for soil water

and mineral N in dry savannas (400-1000 mm/yr). They found that while grasses are more

competitive than trees for water acquisition, trees are more competitive than grasses for N.

This induces a coexistence between trees and grasses resulting from a balanced competition

for water and N.

Disturbances

Savannas have long been considered as transition states between systems only dominated

by grasses (grasslands) and systems completely dominated by trees (forests) considered as

stable states (Higgins et al., 2000; Jeltsch et al., 2000; Sankaran et al., 2004). At low values of

rainfall (< 700 mm), maintenance of savannas seem to be water-dependent as trees strongly

increase with rainfall (Bond et al., 2003; Sankaran et al., 2008). But at intermediate values of

rainfall (1000-2500 mm), Staver et al. (2011b) showed that two alternative stable states are

possible: forests and savannas. But the presence of disturbances (Fig. 1.6), and particularly

fire, tend to maintain savannas and thereby prevent forest establishment (Staver et al.,

2011a,b). Experiments of long-term fire exclusion between burned and unburned sites in

arid and humid areas led to an increase of tree cover and biomass in humid savannas (Bond

et al., 2003). In contrast, the increase of tree cover observed after exclusion in arid savannas

confirms that other mechanisms such as water competition explain tree-grass coexistence.

Savannas are thus viewed as unstable systems in which disturbances allow to regulate the

tree-grass ratio and thus promote tree-grass coexistence (Higgins et al., 2000; Jeltsch et al.,
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1998). Fire is considered as one of the main drivers of savanna structure (Bond et al., 2003;

Higgins et al., 2000; Sankaran et al., 2005). It acts as a bottleneck in tree demography as

it increases the mortality of tree seedlings and saplings, which reduces their chance of

recruitment into the adult stage (Gignoux et al., 2009; Higgins et al., 2000; Jeltsch et al.,

2000). Fire intensity partly depends on the biomass of flammable grasses used as fuel loads

(Archibald et al., 2012).

Figure 1.6 – Disturbance-based mechanisms of tree-grass coexistence: fire and browsing (from Osborne
et al. (2018))

Similarly, herbivores such as grazers and browsers respectively reduce grass and tree

biomass. Grazers (i.e., eating grasses) decrease grass biomass, which in turn decreases fire

intensity and results in an increase of woody plants (Sankaran et al., 2008). In the same way,

large mammals browsing (i.e., eating tree leaves) and trampling can reduce tree biomass

(Osborne et al., 2018), which can favor a more open savanna state dominated by grasses.

The effects of herbivores on the density of grasses and trees can directly reduce competi-

tion or indirectly induce feedbacks with fire (Sankaran et al., 2008; Van Langevelde et al., 2003).

Many savanna models have explicitly studied the effects of fire (in which fire intensity

depends on flammable grasses) (Beckage et al., 2009; D’Odorico et al., 2006; Hochberg et al.,

1994) or fire and herbivory on savanna dynamics (Van Langevelde et al., 2003). Savanna trees

are characterized by their capacity to resprout after aboveground biomass removal because

of their stored resources in belowground compartments (Gignoux et al., 2009). This allows

some trees to produce a sufficient aboveground biomass to escape the fire and browsing

traps (Higgins et al., 2007, 2000). Dynamic global vegetation models (DGVM) based on

ecophysiological processes are also considered as interesting tools to study the effects of fire

and herbivory on tree and grass dynamics (Scheiter and Higgins, 2009, 2012). Although plant

competition for light and water is taken into account to predict tree-grass dynamics in these

models, the effects of soil nutrients in plant growth are so far neglected (Baudena et al., 2014).

DGVM are also used to predict vegetation structure in response to elevated concentrations of

CO2 and land use change (Scheiter and Savadogo, 2016).
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Compared to studies that considered only resource-based mechanisms (Walter, 1971) or

disturbance-based mechanisms (D’Odorico et al., 2006), other studies highlight the necessity

to take into account both resource competition and disturbances to understand tree-grass

coexistence (Sankaran et al., 2004). Van Langevelde et al. (2003) and Accatino et al. (2010)

modelled the savanna vegetation through system of equations to study the influence of

the vertical niche separation and disturbances. Van Langevelde et al. (2003) showed that

interactions between fire and herbivores strongly influence tree-grass dynamics and are

involved in the occurrence of alternative stable states. Accatino et al. (2010) suggest that

both niche separation and disturbances simultaneously affect tree-grass coexistence but the

dominance of each mechanism in tree-grass coexistence varies between dry and wet savannas.

In particular, competition for water seems more relevant in dry savannas while in humid

savannas high level of fire or herbivory is necessary to maintain them. By using a deterministic

model, (Scheiter and Higgins, 2007) partition aboveground and belowground compartments

and show how competition between trees and grasses for resources interacts with fire and

herbivores. They found that depending on the intensity of root competition for soil resources,

coexistence can be possible in the absence of disturbances and light competition. Bond (2005)

classified the determinants of vegetation in three categories: the green world (the vegetation

is driven by climate), the brown world (vegetation is controlled by herbivores) and the black

world (fire is the main driver of vegetation distribution). However, nutrient availability is also

important for plant growth.

1.4 The Lamto savanna

The Lamto savanna is one of the most studied ecosystems in the world (Abbadie et al., 2006).

The Lamto Natural Reserve is located in Côte d’Ivoire, particularly 180 km north of Abidjan

(6°13 N, 5° 02W) (Fig. 1.7). The Lamto ecological station was created in 1961 and covers

approximately 2.500 ha (Fig. 1.8). Besides, this site is located in a transition zone between a

forest zone (south) and the savanna (north).

1.4.1 Climate

The Lamto climate is tropical wet with a mean annual temperature of 29°C and the precipita-

tion averages 1200 mm/ yr (Fig. 1.9). The climate is divided in four seasons: a long dry season

from December to February, a long rainy season from March to July, a short dry season in

August and a short rainy season from September to November (Abbadie et al., 2006).

1.4.2 Soil

Because of their low availability of organic matter and nutrients (N, P, K+), the soils of the

Lamto savanna are often viewed as soils with a low agronomic value (Abbadie et al., 2006).

Four main types of soils can be distinguished in the Lamto savanna:

31



Chapter 1 – Introduction

Figure 1.7 – Location of the Lamto savanna (from Abbadie et al. (2006))

Figure 1.8 – Map of the Lamto savanna (from Gautier (1990))

• leached tropical ferruginous soils characterized by their high proportion of sand (from

40 to 60% of coarse sand and from 20 to 30% of fine sand), the low amount and quality

of clays (illite and kaolinite), very poor in Ca2+, K+, P and humus.

• tropical ferruginous soils: they differ in greater impermeability and a higher content of
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silt. They are more prone to erosion.

• hydromorphic soils: These soils contains surface horizons rich in silt while deep hori-

zons are sandy. They are regularly waterlogged.

• Vertisols on amphibolites: compared to ferruginous soils, they are rather clay-silty, rich

in organic matter (from 3 to 6%) up to 20 cm depth and have a high proportion of clays

(from 18 to 25% in the surface horizons, mainly montmorillonites).

1.4.3 Vegetation

The Lamto vegetation is a mosaic of savannas and gallery forests (Abbadie et al., 2006). The

vegetation in this site is composed of perennial grasses (Poaceae) intermiwed with small

trees and tall palm trees. It is defined by three strata: an herbaceous stratum, a shrubby

stratum and a tree stratum (Abbadie et al., 2006) (Fig. 1.10). Grasses mainly grow in tussocks

separated by bare soil. Trees are often clumped as the low biomass of grasses due to tree

shading increases their resistance to fire (Fig. 1.11).

The herbaceous stratum is largely composed of perennial grasses such as Andropogon

canaliculatus, Andropogon schirensis, Hyparrhenia diplandra and Loudetia simplex. The

dominant tree species (90% of the woody layer) in the Lamto savanna are Crossopteryx

febrifuga, Cussonia arborea, Bridelia ferruginea and Piliostigma thonningii.

Figure 1.9 – Diagram of mean annual precipitation and mean annual temperature in 2017 (data from
geophysical station of Lamto)
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Figure 1.10 – Lamto savanna landscape showing the different strata herbaceaous, shrubs and Palm
trees (photo Sébastien Barot)

1.4.4 Fire

Fire strongly contributes to the structure of the Lamto savanna. It is set by technicians and

students of the reserve and generally occurs in mid-January (Fig. 1.12). It burns a large part of

aboveground herbaceous vegetation (about 80%) and a part of tree seedlings and saplings

(Abbadie et al., 2006). In the Lamto savanna, the rapid regrowth of grasses is due to their

perennial root system (Fig. 1.13).
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Figure 1.11 – Aerial view showing the structure of the Lamto savanna (photo Sébastien Barot)

Figure 1.12 – Fire in the Lamto savanna (photo Sébastien Barot)
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Figure 1.13 – Regrowth of grasses after fire (photo Jean-Christophe Lata 2017)
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1.5 Nitrogen cycle in the Lamto savanna

As many savannas, the Lamto savanna is strongly constrained by fire, rainfall seasonality and

nutrient-poor soils but the total primary production is about 30 t ha−1 yr−1 (Abbadie et al.,

2006, 1992). This high primary production is linked to N cycle.

1.5.1 Nitrogen inputs

In the Lamto savanna, wet depositions are estimated between 6.5 and 6.6 kg N ha−1 yr−1

for NH+
4 and 1.4 and 2.4 kg N ha−1 yr−1 for NO−

3 (Abbadie, 2006). A large part of N inputs

through wet deposition is in the form of organic N (14 kg N ha−1 yr−1). The quantity of NH+
4

and NO−
3 provided by dusts (dry depositions) is about 10 kg N ha−1 yr−1 for NH+

4 and 4 kg N

ha−1 yr−1 for NO−
3 . (Abbadie, 2006).

Furthermore, the biological fixation of N constitutes an important source of N in the

Lamto savanna through the fixation by cyanobacteria that develop algal crusts between grass

tussocks and asymbiotic fixation by free N-fixing bacteria (Abbadie, 2006; Abbadie et al.,

1992). In some savannas, the presence of Acacias species can contribute to N inputs through

symbiotic N fixation (Cramer et al., 2010). But in the Lamto savanna, symbiotic N fixation is

negligible in the budget of the Lamto savanna as the biomass of legumes is very low (because

of the annual fire) and the absence of N-fixing tree species (Abbadie, 2006).

1.5.2 Nitrogen inputs through nitrogen transformations

In the Lamto savanna, (Mordelet, 1993) and Srikanthasamy et al. (2018) showed that

mineralization rates and soil organic N content are higher under tree canopy than in the open.

The effects of trees on soil humidity and temperature and the high organic N content improve

the soil mineralization rate under tree canopy, which can influence microbial activity and can

consequently create small-scale heterogeneity. Moreover, grass roots under tufts directly take

up mineral N coming from the decomposition of dead roots spatially close to living roots.

This strategy induces an efficient nutrient recycling that minimizes N losses and therefore

makes the Lamto savanna functioning particularly conservative (Abbadie, 2006; Abbadie

et al., 1992).

The dominant grass species of the Lamto savanna are able to inhibit nitrification (Lata

et al., 2004; Srikanthasamy et al., 2018). This capacity is viewed as a strategy to use N efficiently

and to reduce N losses. In contrast, the nitrification activity is higher under tree canopy than

under grasses. Srikanthasamy et al. (2018) showed that archaea are more involved in the

nitrification process than bacteria. Experiments comparing bare soil and soil under trees

suggest a stimulation of nitrification by trees (Srikanthasamy et al., 2018). This leads to a local

heterogeneity in nitrification with low nitrification under grasses and high nitrification under

trees.
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1.5.3 Nitrogen losses

In the Lamto savanna, fire occurs during the dry season and about 80% of the total surface

is burned (Abbadie, 2006). Early fires occurring at the beginning of the dry season when

aboveground biomass is not dry induce a low N volatilization. In the same way, late fires

occurring at the beginning of the growing season can favor higher N losses (Abbadie et al.,

2006). Although a part of the N present in the leaves is transferred in perennial tissues of

plants during the dry season, fire represents a large N loss on the long-term. Losses by fire are

estimated between 9 and 24 kg N/ha/yr for grasses and between 7.3 and 12.6 kg N/ha/yr for

trees.

A high pressure of herbivores can be stressful for plants. Some plants have developed

defense strategies such as spines to limit herbivore uptake (Charles-Dominique et al., 2016).

Other plants tend to tolerate grazing and attract herbivores by investing more in their highly

palatable leaves. This creates nutrient-rich areas called grazing lawns (Bonanomi et al., 2008;

Hempson et al., 2015). However, in the Lamto savanna, the density of large herbivores is low,

which reduces the impacts of herbivory on N cycling (Le Roux et al., 2006).

Leaching also contributes to N losses. The inhibition of nitrification by grasses induces a

low availability of NO−
3 , which reduces NO−

3 losses. But the high nitrification under trees and

the sandy soil of Lamto savanna can increase losses by leaching under tree clumps. Contrary

to NH+
4 that is easily adsorbed by soil and less prone to leaching, a part of soil organic N can

be lost through leaching.

The low availability of NO−
3 under grasses in the Lamto savanna reduces the NO−

3 availabil-

ity for denitrifying organisms. Denitrification is 9 times higher under tree canopy than under

grasses as trees can stimulate nitrification (Srikanthasamy et al., 2018).NH+
4 volatilization is a

potential N loss but it is negligible in Lamto soils because of the slightly acid soil pH (Abbadie,

2006).

1.6 Research problematic and questions

The aim of my PhD was to determine the role of the competition for the N resource in the

functioning of savannas. The coexistence between trees and grasses in savannas is still

not perfectly understood as trees and grasses are two completely different types of plants.

In the Lamto savanna, a humid savanna in Côte d’Ivoire (Abbadie et al., 2006), the high

primary productivity is partly due to the biological nitrification inhibition (BNI) by dominant

grass species. This BNI by grasses occurs through the release of root exudates that impedes

nitrifying organisms activity (Lata et al., 2004, 2000; Srikanthasamy et al., 2018; Subbarao

et al., 2007). This strategy reduces NO−
3 availability and thus N losses as keeping N in NH+

4

form decreases NO−
3 losses by leaching and denitrification. In the same way, it has been
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shown that trees can stimulate nitrification (Srikanthasamy et al., 2018).

Taken together, these strategies developed by plants induce a spatial partitioning

of N into two mineral forms NH+
4 and NO−

3 . This spatial partitioning suggests different

plant preference for NH+
4 versus NO−

3 in order to promote their coexistence. A model

developed by Boudsocq et al. (2012) showed that different plant preferences for NH+
4 and

NO−
3 can influence coexistence of two plant species but that this influence depends on their

impact on nitrification. This result is particularly interesting in our case as different plant

preference for NH+
4 versus NO−

3 could be influential for tree-grass coexistence. By using a

modeling approach, the objective of my PhD is to apply this mechanism of coexistence to

tree-grass competition in savannas. More specifically, I have tried to determine whether

mineral N partitioning between trees and grasses can facilitate their coexistence, and

how nitrification inhibition by grasses and stimulation by trees impact this effect.

The first step of my study is to determine under which conditions the capacity of

grasses to inhibit nitrification and different preferences for NH+
4 and NO−

3 between

trees and grasses can contribute to tree-grass coexistence. To do so, I developed a non-

spatialized mean-field model based on Boudsocq et al. (2012) model to test the impact of

competitive interactions between trees and grasses on N acquisition. In this model, the

resource is shared by the two plants types and compared different mathematical formalisms

to describe nitrification. I also compared a first case where nitrification is independent from

plant biomass and a second case where nitrification depends on plant biomass.

As nitrification inhibition by grasses and nitrification stimulation by trees induce a

spatial heterogeneity in the relative availability of NH+
4 and NO−

3 , the second step of my

study was to build a two-patch model taking into account this spatial heterogeneity in

nitrification. This model considers a patch of open area characterized by a low nitrification

rate and a patch of tree clump characterized by a high nitrification rate. I also included in

the model the ability of savannas trees to extend their root in the surrounding open area

(Belsky, 1994). This can lead to horizontal N fluxes between both patches that could impact

N dynamics. The objectives of this model are two-fold: to test (1) the effects of spatial

heterogeneity of nitrification on N fluxes and the budget of the Lamto savanna and (2) the

effects of this spatial heterogeneity on tree-grass coexistence. By controlling nitrification,

plants can influence the availability of NH+
4 and NO−

3 , which can subsequently develop their

capacity to absorb NH+
4 and NO−

3 . These different plant preference for NH+
4 and NO−

3 can

influence ecosystem properties by increasing plant productivity and biomass and minimizing

mineral N losses (Boudsocq et al., 2012). Besides, the heterogeneity of nitrification can

locally create nutrient-rich patches, which can influence soil fertility and allow for plants to

overcome nutrient limitation. All these parameters should influence N dynamics at the patch

and at the savanna scales.

39



Chapter 1 – Introduction

The manuscript thesis is presented in the form of articles. The different chapters are

therefore organized and formatted in the form of research articles that are or will be published

in scientific journals. Besides the introduction part, I present my results in three sections:

• A chapter on the results of the mean-field model (published in Ecosystems, Konaré et al.

(2019)),

• A chapter presenting the results of the two-patch model on N fluxes (submitted to

Functional Ecology, in revision),

• A last chapter on the results of the two-patch model on tree-grass coexistence.

Finally, we propose a general discussion of all results and the perspectives of the study.
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Abstract
Coexistence between trees and grasses in savannas is generally assumed to be due to a combination

of partial niche separation for water acquisition and disturbances impacting the demography of

trees and grasses. We propose a mechanism of coexistence solely based on the partitioning of the

two dominant forms of mineral nitrogen (N), ammonium (NH+
4 ) and nitrate (NO−

3 ). We built a

mean-field model taking into account the capacity of grasses and trees to alter nitrification fluxes as

well as their relative preferences for NH+
4 versus NO−

3 . Two models were studied and parameterized

for the Lamto savanna (Côte d’Ivoire): a first where nitrification only depends on the quantity of

available NH+
4 and a second where nitrification rate is also controlled by tree and grass biomass.

Consistent with coexistence theories, our results show that taking these two forms of mineral

N into account can allow coexistence when trees and grasses have contrasting preferences for

NH+
4 and NO−

3 . Moreover, coexistence is more likely to occur for intermediate nitrification rates.

Assuming that grasses are able to inhibit nitrification while trees can stimulate it, as observed

in the Lamto savanna, the most likely case of coexistence would be when grasses prefer NH+
4

and trees NO−
3 . We propose that mineral N partitioning is a stabilizing coexistence mechanism

that occurs in interaction with already described mechanisms based on disturbances by fire and

herbivores. This mechanism is likely relevant in many N-limited African savannas with vegetation

composition similar to the one at the Lamto site, but should be thoroughly tested through em-

pirical studies and new models taking into account spatio-temporal heterogeneity in nitrification rates.

Keywords: ammonium, nitrate, nitrification control, resource partitioning, savanna, tree-grass

coexistence
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2.1 Introduction

Savannas cover about 20% of Earth’s land surface and are characterized by the coexistence of trees

and grasses (Sankaran et al., 2004; Scholes and Archer, 1997). Coexistence mechanisms among plant

species have been much debated, in particular because of the competitive exclusion principle stating

that two species using the same resource cannot coexist over the long term (Hardin, 1960; Rastetter

et al., 2002). Many theories have thus been proposed to explain coexistence among plants (Barot

and Gignoux, 2004) but two main ideas emerged to explain coexistence between trees and grasses

in savannas: (1) Niche separation through different rooting depths between trees and grasses could

foster their coexistence (Walker and Noy-Meir, 1982; Walter, 1971; Ward et al., 2013). (2) Disturbances

such as fire and herbivory (browsing and grazing) prevent the ecosystem from reaching a forest or

grassland state (Accatino et al., 2010; Higgins et al., 2000; Jeltsch et al., 2000; Sankaran et al., 2004).

In particular, the partitioning of soil resources by vertical separation can favor coexistence between

trees and grasses (Walter, 1971). Grasses are often considered as better competitors for water in the top

soil layer because of their superficial high root density while trees have access to water from deeper soil

layers (Schenk and Jackson, 2002). Such rooting niche separation could therefore reduce competition

between trees and grasses (Walker and Noy-Meir, 1982; Walter, 1971). However, resource partitioning

is not supported by all studies (February et al., 2013; Higgins et al., 2000; Holdo et al., 2018; Jeltsch

et al., 2000) and disturbances can constitute an important coexistence mechanism especially in areas

where the mean annual precipitation is high enough to allow the existence of forest (Sankaran et al.,

2005; Staver et al., 2011a). Fire, by limiting tree recruitment and establishment, influences savanna

structure (Accatino et al., 2010; Gignoux et al., 2009; Van Langevelde et al., 2003). Similarly, through the

selective effects of browsers and grazers on tree and grass biomass, herbivores can maintain the open

state of savannas (Van Langevelde et al., 2003).

Here, we focus on a newly proposed coexistence mechanism based on the partitioning of mineral

nitrogen (N) (Boudsocq et al., 2012; McKane et al., 2002; Miller and Bowman, 2002). In the Lamto

humid savanna in Côte d’Ivoire (Abbadie et al., 2006), one of the factors explaining the high plant

productivity is biological nitrification inhibition (BNI) by the dominant perennial grasses (Boudsocq

et al., 2009; Lata et al., 2004, 2000; Srikanthasamy et al., 2018). The other perennial species of

this savanna have not been tested for BNI capabilities and this savanna virtually hosts no annual

grass. Nevertheless, all perennial grasses of the Lamto savanna seem to have the same ecological

behavior. Therefore, we expect them to inhibit nitrification while annual grasses are less likely

to inhibit nitrification because of their lower root densities. BNI has also been described outside

the Lamto site in other African perennial grass species (Brachiaria humidicola and Andropogon

gayanus) (Rossiter-Rachor et al., 2009; Subbarao et al., 2009). Nitrification allows the presence of

two forms of mineral N (ammonium, nitrate) that are jointly exploited by plants. As shown in other

perennial grass species, BNI is due to the release of allelopathic compounds from their root systems

that impede nitrifying activity (Rossiter-Rachor et al., 2009). By maintaining most mineral N in the

ammonium (NH+
4 ) form, BNI reduces N losses due to nitrate (NO−

3 ) leaching and denitrification

and consequently increases N conservation and primary production (Boudsocq et al., 2009). NH+
4

is directly assimilated by plants, but an excess of NH+
4 uptake can be toxic for plants (Britto and
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Kronzucker, 2002). In particular, NH+
4 uptake favors the release of H+ that causes soil acidification

and reduces the availability of other nutrients such as Ca2+, K+ and Mg 2+ important for plant growth

(Britto and Kronzucker, 2002; Salsac et al., 1987). Moreover, because of its positive charge, NH+
4 is

adsorbed by clays and soil organic matter (Marschner, 2011; Subbarao et al., 2015) and can become

unavailable to plants in dry soils. By contrast, NO−
3 uptake is energetically more costly because it needs

to be reduced before being assimilated (Konnerup and Brix, 2010) and its mobility within the soil

makes it more available for plants but also more prone to leaching (Marschner, 2011). NO−
3 can also be

lost from ecosystems through denitrification taking place in water-saturated pore spaces. Although the

relative proportion of NO−
3 and NH+

4 used by plant species is not documented for many plant species

and soil conditions (Boudsocq et al., 2012), some studies suggest that plant species differ in their

preferences for NH+
4 versus NO−

3 (Falkengren-Grerup and Lakkenborg-Kristensen, 1994; Huangfu et al.,

2016; Konnerup and Brix, 2010) and that these preferences depend on a variety of physiological and

environmental factors (Britto and Kronzucker, 2013). The existence of a trade-off between root uptake

capacity for NH+
4 and NO−

3 has been explicitly demonstrated in one case (Maire et al., 2009). This

trade-off is likely to arise because (1) NH+
4 and NO−

3 are not taken up through the same transporters

(Maire et al., 2009; Nacry et al., 2013) and (2) their spatial distribution can be heterogeneous within the

soil profile, leading to different uptake strategies (rooting depth, root densities) (Jumpponen et al.,

2002; Maire et al., 2009). For example, the assimilation of more NO−
3 requires spending energy for its

reduction, while the assimilation of more NH+
4 requires investing in fine root biomass with a high

turnover because of the low mobility of NH+
4 , which probably leads to a trade-off in terms of resource

allocation.

Some studies have shown that the preference for one form of mineral N can influence ecological

dynamics and species distribution (Boudsocq et al., 2012; Britto and Kronzucker, 2013) and favor

species coexistence. Indeed, resource partitioning can allow coexistence if the use of existing resources

is sufficiently different among species (Harrison et al., 2007; Holt, 2008). By using a modelling

approach, Boudsocq et al. (2012) studied the conditions of coexistence between two plant species

having the same N uptake rate but different preferences for NH+
4 and NO−

3 and found that coexistence

was possible if plants’ preference for NH+
4 and NO−

3 was different enough. In the Lamto savanna,

grass species can inhibit nitrification (Lata et al., 2004, 2000; Srikanthasamy et al., 2018) while trees

can stimulate it through an unidentified mechanism (Srikanthasamy et al., 2018). This increase of

nitrification could be due to (1) some specific root exudates that stimulate nitrifying activity or (2) to an

increase of dead organic matter below tree canopy that stimulates microbial activity and nitrification.

It would thus make sense that grasses prefer NH+
4 and trees prefer NO−

3 , which is in accordance with

some preliminary data (Tavernier, 2003). Besides, Rossiter-Rachor et al. (2009) studied the impact of

the invasion of an African grass Andropogon gayanus on Australian savanna functioning and found

that this grass strongly affects N dynamics through BNI capacity and has a strong preference for NH+
4 .

Our main objective was to test whether tree and grass capacity to control nitrification and their

respective preferences for NH+
4 and NO−

3 could facilitate tree-grass coexistence in the Lamto savanna.

To reach this goal, we used a modified version of the model of Boudsocq et al. (2012). While Boudsocq

et al. (2012) studied the coexistence of theoretical species having the same overall rate of mineral

N uptake, we precisely parameterize our model for trees and grasses in the Lamto savanna taking
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into account their respective impact on nitrification, the likely consequences of their preferences

for NH+
4 and NO−

3 and their different uptake rates of mineral N. Because it is not easy to find in the

literature a comprehensive set of parameters for N cycling (rate of leaching, inputs through dry and

wet deposits. . . ), Boudsocq et al. (2012) used N cycling parameters from the Lamto savanna and we

used the same parameter values.

First, we used a simple formula for nitrification that only depends on the availability of NH+
4 . Then,

to identify whether nitrification inhibition and stimulation could influence tree-grass coexistence in

the Lamto savanna, we used a second model in which nitrification also depended on the biomass of

both types of plants. This second formula is supported by results on the impact of trees and grasses on

nitrification (Lata et al., 2004, 2000; Srikanthasamy et al., 2018). Five hypotheses were tested for the

Lamto savanna: (1) The existence of two forms of mineral N influences tree and grass biomass and

allows the coexistence of both plant types. (2) This coexistence is facilitated when grasses prefer NH+
4

and trees prefer NO−
3 . (3) Nitrification rate influences coexistence and intermediate values should

increase the chances of coexistence. (4) Nitrification inhibition by grasses and its stimulation by trees

increase the possibilities of coexistence. (5) Coexistence is possible even when trees and grasses have

not the same overall uptake capacity for mineral N.

2.2 Materials and methods

2.2.1 Model definition

We used a mean-field model, i.e. taking into account no spatial heterogeneity, adapted from the model

by Boudsocq et al. (2012) to explore competitive interactions between trees and grasses for NO−
3 and

NH+
4 acquisition. Our model describes N dynamics among five compartments: Grass biomass (G),

Tree biomass (T), Soil organic matter (O) and the two mineral N forms, NH+
4 (NA) and NO−

3 (NN) (Fig.

2.1), where the use of the term “plant biomass” in the context of this study is used to refer to “plant N

pool size”.

These compartments correspond to N stocks and are expressed as a quantity of N per unit

surface, considering a soil depth of a 30 cm, that hosts the majority of grass and tree fine roots in

this ecosystem (Mordelet et al., 1997). Nutrient fluxes are expressed in kilograms N per hectare per

year. All the parameters describing N fluxes among these compartments are considered as constant

(see Table 1). The preference for NH+
4 versus NO−

3 is described in the model through the parameter

β that ranges between 0 and 1 and corresponds to the preference for NH+
4 . The higher the β, the

higher the preference for NH+
4 . Total N uptake is represented by a rate u (ha/kg N/yr ) so that βu

represents the intake rate of NH+
4 while (1-β)u is the intake rate of NO−

3 . Fluxes of N uptake are

“linearly donor-recipient controlled” i.e., they are proportional to the sizes of both the donor (mineral

N) and receiver (plants) compartments. All other fluxes are modeled as “linearly donor controlled”

(e.g. the flux due to mortality dG G is only proportional to the Grasses compartment).

Uptake of mineral N, U(N) is expressed as follows (e.g. for grasses):

U(NH+
4 ) = uG βG NA G

U(NO−
3 ) = uG (1−βG) NN G
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Figure 2.1 – General model of the N cycle in savanna ecosystem. Arrows indicate fluxes linking
compartments, while dashed arrows correspond to the influence of plants on nitrification (inhibition
and stimulation). In model 1, plant influence on nitrification (dashed arrows) is implemented by
imposing different nitrification rates. In model 2, this influence is modeled using Eqs 2.6 and 2.7

The turnover of plant biomass leads to an input of organic N to the soil (compartment O) at rate d

(yr−1). Organic matter is then mineralized into NH+
4 (compartment NA ) at rate m (yr−1). Nitrification

transforms NH+
4 into NO−

3 (compartment NN ) at rate n (yr−1 ). The model also takes into account

inputs to the different compartments. Wet and dry depositions provide constant N inputs to the

organic (RO ) and inorganic (RNA , RNN ) nutrient pools, independently of their size. We consider that

non-symbiotic fixation can also exist and is included in the RO term. The model does not include

any symbiotic N fixation because none of the dominant tree species are N fixing and only a few

negligible forbs are N fixing (Abbadie, 2006). Losses from the different compartments are represented

by parameters lG , lT , lO , lNA and lNN , respectively, for the G, T, O, NA and NN compartments. In

savannas, N losses from the plant compartment (lG , lT ) are mainly due to fire. Soil organic matter can

be lost through fire, soil erosion and leaching (lO ). Losses from the NA compartment (lNA) are caused

by leaching and volatilization, while losses from the NN compartment (lNN) are due to leaching and

denitrification. We used two different formulas for nitrification that are detailed in the following: (1)

Nitrification flux only depends on the availability of NH+
4 and (2) nitrification flux depends on both

tree and grass biomass to allow simulating their respective influence on nitrification.

Model 1: Nitrification Independent from Plant Biomass

Nitrification only depends on the availability of NH+
4 in the soil, that is, the nitrification flux is

proportional to the stock of NH+
4 (n NA ) (Eqs. 2.4).
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dG

d t
= βG uG NA G+ (1−βG)uGNN G− (dG + lG) G (2.1)

dT

d t
= βT uT NA T+ (1−βT)uTNNT− (dT + lT) T (2.2)

dO

d t
= RO +dG G+dT T− (m + lO) O (2.3)

dNA

d t
= RNA +m O− (βGuG G+βTuTT+n + lNA) NA (2.4)

dNN

d t
= RNN +n NA − ((1−βG) uG G+ (1−βT)uT T)+ lNN) NN (2.5)

Model 2: Nitrification Dependent on Plant Biomass

To study the influence of trees and grasses on nitrification (Lata et al., 2004, 2000; Srikanthasamy

et al., 2018) and to take into account the likely influence of their biomass, a second scheme was

used for nitrification. In this case, nitrification also depends on the biomass of grasses and trees. At

least, nitrification inhibition has been shown to increase with grass root density (Lata et al., 2000).

This control of nitrification is expressed by a coefficient of nitrification inhibition by grasses (iG) and

a coefficient of nitrification stimulation by trees (sT). Thus, the flux of nitrification is modeled as

n NAe−(iGG−sTT) , with iG > 0 and sT > 0. In this case, Eqs. 2.4 and 2.5 of model 1 are replaced by Eqs.2.6

and 2.7 in model 2.

dNA

d t
= RNA +m O− (βG uG G+βT uT T+n e−(iGG−sTT) + lNA) NA (2.6)

dNN

d t
= RNN +n NA e−(iGG−sTT) − ((1−βG) uG G+ (1−βT) uT T+ lNN) NN (2.7)

2.2.2 Analytical and Numerical Analysis

Model 1 was analytically solved using Mathematica 10 to find equilibria (Wolfram Research, 2017). As

model 2 could not be analytically solved, we used the deSolve package (Soetaert et al., 2010) available

in R (R Core Team, 2019) to run numerical simulations. All simulations were run for 1000 time steps

(years) to allow the model to reach equilibrium. We checked that after 1000 years there was virtually

no-longer any variation in the variables. Simulations were performed for the two models to study

the impact of preference for NH+
4 versus NO−

3 on tree and grass biomass and under which conditions

of preference they can coexist. Tree–grass coexistence was determined using the mutual invasibility

criterion. This criterion, which stipulates that when two species can mutually invade each other

starting from a very low biomass,coexistence is necessarily stable (Chesson, 2000). We first considered
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a resident plant type (10 kg N ha−1 ), for example trees, and an invading plant (0.01 kg N ha−1 ), for

example grasses, and then reversed their respective roles. To study the effect of nitrification on the

conditions of coexistence of plants, we tested different values of nitrification rate in the first model.

The parameterization (see below) of the model for the Lamto savanna led to N uptake rates much

lower for trees than for grasses (Table 2.1). This increases grass competitive ability. We tested for the

two the robustness of our coexistence results towards the relative grass and tree competitive ability for

N, by progressively increasing the N uptake rate by trees. As no available data allows assessing with

certainty the tree preference for NH+
4 (βT) and the grass preference for NH+

4 (βG), we made simulations

scanning all possible combinations of these two parameters varying from 0 to 1 with an increment of

0.005.

2.2.3 Parameterization

For numerical analysis, the model was parameterized from data collected in the Lamto research

station by different researchers (see Table 2.1 for parameter values and origin of parameters). Lamto

research station is located in a tropical humid savanna in Côte d’Ivoire (06◦13’N, 05◦02’W). Mean

annual temperature is about 27°C and rainfall averages 1200 mm divided in four seasons: two wet

seasons (a long wet season from March to July and a short from September to November) and

two dry seasons (a long dry season from December to February and a short dry season in August).

The herbaceous layer is mainly composed of perennial grasses such as Andropogon canaliculatus,

Andropogon schirensis, Hyparrhenia diplandra and Loudetia simplex. The dominant tree species

in the Lamto savanna are Crossopteryx febrifuga, Cussonia arborea, Bridelia ferruginea, Piliostigma

thonningii. We used the values of parameters calculated by Boudsocq et al. (2012) except for tree

parameters. As no empirical results from the Lamto site allows to directly assess the uptake of N by

trees, we constructed a simple model without grasses and estimated their uptake rate uT by numerical

simulations so as to get a realistic N stock (86.1 kg N ha−1) and primary productivity for trees (16.4

kg N ha−1 yr−1) (Menaut and Cesar, 1979). The resulting much lower uptake parameter for trees

(uT) than for grasses (uG) does not only reflect their strategy for the acquisition of mineral N. It also

depends on many other factors, such as the fire regime indirectly influencing tree and grass capacities

to take up mineral N at the scale of a few hectares.

Turnover and loss rates of trees were determined by dividing the N fluxes by the N stocks

considered, assuming that the available data correspond to the Lamto savanna at equilibrium. These

rates depend on plant capacity to resorb a part of their N from leaves before leaf fall (Aerts, 1996;

Van Heerwaarden et al., 2003). This process permits plants to better conserve their nutrients. To

calculate the turnover rate, we thus considered a resorption rate of 1/3 from leaves back to storage

compartments prior to leaf shedding (Bernhard-Reversat and Poupon, 1980). Furthermore, N losses

by herbivory are not considered in the model because the density of larger herbivores is very low in the

Lamto savanna (Le Roux et al., 2006).

The nitrification rate for the first model was obtained by dividing the nitrification flux by the NH+
4

stock at equilibrium (Boudsocq et al., 2009). We used a low nitrification rate as default value (n = 2.7

yr−1) for the two models. In model 2 (Eq. 2.6), the rate of nitrification stimulation by trees (sT) was
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determined by assuming that the biomass of grasses was zero. Then, the rate sT was calculated, with

the second expression of nitrification (n NAe sTT), considering that the nitrification flux under a tree

canopy (150 kg N ha−1 yr−1) is fifty times higher than under grasses (3 kg N ha−1 yr−1) (Lata, 1999).
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Table 2.1 – Parameters of the mean-field model

Parameters Definition Value Unit References

Tree parameters

dT Turnover rate of tree biomass 0.0988 yr-1 Menaut  and  César
(1979)

lT Rate of N losses from the tree
compartment

0.1098 yr-1 Menaut  and  César
(1979)

uT N uptake rate by trees 0.018 ha kg N-1 yr-1 Estimated

βT Preference of tree for NH4
+ [0,1] No unit

sT Nitrification stimulation rate 0.05 ha kg N-1 Estimated

Grass parameters

dG Turnover rate of grass biomass 0.6 yr-1 Lata (1999)

lG Rate of N losses from the grass
compartment

0.4 yr-1 Lata (1999)

uG N uptake rate by grasses 0.14186 ha kg N-1 yr-1 Boudsocq et al. 
(2012)

βG Preference of grass for NH4
+ [0,1] No unit

iG Nitrification inhibition rate 0.02 ha kg N-1 Boudsocq et al. 
(2012)

Soil parameters

RO N organic input to the savanna 16.5 kg N ha-1 yr-1 Villecourt  and
Roose (1978)

m N mineralization rate 0.025 yr-1 Abbadie  et  al
(2006)

lO Rate  of  N  losses  from  the
organic matter compartment

0.0027 yr-1 Abbadie et al 
(2006)

RNA NH4
+ inputs to the savanna 23 kg N ha-1 yr-1 Villecourt  and

Roose (1978)

lNA NH4
+ loss rate 0.0133 yr-1 Villecourt  and

Roose (1978)

RNN NO3
- inputs to the savanna 4.1 kg N ha-1 yr-1 Villecourt  and

Roose (1978)

lNN NO3
- loss rate 2.7 yr-1 Boudsocq  et  al

(2009)

n Nitrification rate 2.7 yr-1 Boudsocq  et  al
(2009)
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2.3 Results

2.3.1 Equilibria and stability conditions in the two models

Analysis of model 1 (Eqs 3.1-3.5) reveals six equilibria: one trivial equilibrium, two where only trees

are present, two where only grasses are present and one where trees and grasses coexist. Only four

equilibria have exclusively positive compartment sizes and thus are biologically relevant. Stability of

equilibria was evaluated (using Mathematica) from the sign of the eigenvalues of the Jacobian matrix

at these equilibria (Appendix 1). Together with numerical simulations, these calculations revealed that

the model always converges to a single stable positive equilibrium.

Model 2 being more complex and non-linear, it was not possible to analytically determine the

stability of equilibria. However, numerical simulations were performed for values of βG and βT cor-

responding to the different cases observed (no invasion but residents maintain themselves, grasses

invade and exclude trees, trees and grasses coexist). These simulations were run for 1000 time steps to

reach equilibrium.

2.3.2 Effects of NH+
4 and NO−

3 preference on coexistence

Under the baseline conditions for nitrification and N uptake by trees (n = 2.7 yr−1; uT = 0.018 ha kg−1

N yr−1), model 1 predicts only two outcomes of tree-grass competition in relation to NH+
4 and NO−

3

preference (Fig. 2.2a): (1) If trees prefer NH+
4 and grasses prefer NO−

3 , trees and grasses coexist (Fig.

2.2a, zone 3) and (2) if grass preference for NH+
4 (βG) is sufficiently higher than tree preference for NH+

4

(βT), grasses successfully invade and exclude trees (Fig. 2.2a, zone 1).

Figure 2.2 – Diagrams of mutual invasion between trees and grasses. In panel a, nitrification is
independent from tree and grass biomass. In panel b, nitrification depends on the biomass of trees
and grasses. Invasion zones: 0, no invasion but residents persist; 1, grasses invade and exclude trees; 3,
trees and grasses coexist.

In model 2, when nitrification depends both on the availability of NH+
4 and plant biomass (Fig.

2.2b), the overall pattern is similar but the region of coexistence is larger than for model 1. Moreover,

61



Chapter 2 – Effects of Mineral N partitioning on tree-grass coexistence

residents can persist and prevent invaders from establishing when trees strongly prefer NO−
3 and

grasses prefer NH+
4 (Fig. 2.2b, zone 0). In this case, the influence of plants on nitrification can also

prevent the invasion but allows resident grasses or trees to persist. This leads to the presence of two

alternative stable states for the same set of parameters with either only trees or only grasses (see

Appendix 4). Taken together, with both formulas, coexistence is possible when trees and grasses

exhibit contrasting N preferences.

Besides their influence on coexistence, tree and grass preferences for NH+
4 and NO−

3 also determine

tree and grass biomass (Fig. 2.3). In the case where nitrification only depends on the availability of

NH+
4 (model 1), total biomass is high in the region of coexistence (Fig. 2.3c). Within the region of

coexistence, tree biomass increases as their preference for NH+
4 increases and as grass preference for

NH+
4 decreases (Fig. 2.3a). Within this same region, grass biomass decreases as tree biomass increases

(Fig. 2.3b). With model 2 where nitrification also depends on plant biomass, coexistence does not

necessarily result in higher total plant biomass (Appendix 2).

2.3.3 Coexistence and nitrification rate

Nitrification significantly influences the conditions of coexistence whatever the nitrification rate. As

discussed above, when nitrification is low (n = 2.7 yr−1), coexistence is favored if grasses have a high

preference for NO−
3 and trees have a high preference for NH+

4 (Fig. 2.4a). Grasses exclude trees for

any other combinations of βG and βT. With increasing nitrification rate (n = 5 yr−1), a second zone

of coexistence appears when grasses and trees prefer NH+
4 and NO−

3 , respectively (Fig. 2.4b, zone 3).

When nitrification increases further (n = 6 yr−1), two new zones appear (Fig. 2.4c, zones 2 and 4): a

zone where trees completely exclude grasses and a zone where neither trees nor grasses can persist.

Zone 4 is ecologically not realistic and corresponds to cases where the preference for NH+
4 of both

trees and grasses is too high for the nitrification rate. In such cases, trees and grasses can only lose N.

The region in which grasses and trees coexist corresponds to cases where grasses prefer NH+
4 (0.78 <

βG < 1) and trees prefer NO−
3 (βT < 0.4). When nitrification is very high (i.e. close to values observed

under tree canopy at Lamto), the size of the region of coexistence strongly decreases while the sizes of

the zones of invasion by trees and of exclusion of both trees and grasses increase (Fig. 2.4d).

These results show that coexistence is possible whatever the nitrification rate. When nitrification is

low, coexistence occurs if grasses prefer NO−
3 and trees prefer NH+

4 , and the reverse for high nitrification

rates.

2.3.4 Coexistence and N uptake by trees

Fig. 2.5 illustrates the outcomes of the mutual invasion of trees and grasses for different tree capacities

to take up N (uT). When nitrification only depends on the availability of NH+
4 (model 1), the variations

of uT always lead to two distinct zones: a zone of coexistence and a zone of exclusion (in which either

trees or grasses are excluded). As described above, when N uptake rate by trees is low (uT = 0.018

ha kg−1 N yr−1), coexistence occurs when grasses prefer NO−
3 and trees prefer NH+

4 (Fig. 2.5a). When

N uptake rate by trees increases (Figure 5b, uT = 0.058 ha kg−1 N yr−1), trees become able to invade

and exclude grasses. With high N uptake by trees, coexistence becomes possible when grasses prefer
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Figure 2.3 – Diagrams of tree biomass (a), grass biomass (b) and total biomass (c) when nitrification
only depends on the availability of NH+

4 . Biomass values are equilibrium biomass resulting from the
mutual invasion between trees and grasses. The solid line delimits the zone of tree-grass coexistence
and the zone of invasion by grasses (above this line trees and grasses coexist and below this line grasses
exclude trees). The color gradient is expressed in kg N ha−1.

NH+
4 and trees prefer NO−

3 . When grasses and trees have the same N uptake rate (Fig. 2.5c), trees tend

to exclude grasses for all combinations of βG and βT except for a small zone of coexistence when trees

have a high preference for NO−
3 and grasses for NH+

4 .

In contrast to model 1, preferences corresponding to the zone of coexistence in model 2 do not

change when N uptake rate increases. Coexistence occurs nearly under the same condition as in model

1 (Fig. 2.5d, zone 3) when the rate of N uptake is low. Unlike with model 1, there is a small zone where

no invasion is possible (but residents persist) (Fig. 2.5d, zone 0). When N uptake by trees increases

(Fig. 2.5e, uT = 0.058 ha kg−1N yr−1), this zone increases (intermediate βG values and low βT values).

When N uptake by trees becomes equal to the uptake by grasses (Fig. 2.5f), the size of the zone of

coexistence decreases, the size of the zone of exclusion of grasses increases, and the zone where no
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invasion is possible disappears.

Figure 2.4 – Diagrams of mutual invasion between trees and grasses of model 1 according to different
nitrification rates. Nitrification rate increases from the top to the bottom (a): n = 2.7 yr−1, (b): n =
5 yr−1, (c): n = 6 yr−1, (d): n = 10 yr−1. Invasion zones: 1, grasses invade and exclude trees; 2, trees
invade and exclude grasses; 3, trees and grasses coexist and 4, no invasion and exclusion of residents.
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Figure 2.5 – Diagrams of mutual invasion between trees and grasses according to different values of N
uptake by trees. Panels (a), (b) and (c) correspond to cases where nitrification is independent from the
biomass of trees and grasses. Panels (d), (e) and (f) correspond to cases where nitrification depends
on the biomass of trees and grasses. The uptake of mineral N by trees increases from the top to the
bottom (a and d: uT = 0.018 ha kg−1N yr−1, b and e: uT = 0.058 ha kg−1N yr−1, c and f: uT = 0.14186
ha kg−1N yr−1). Invasion zones: 0, no invasion but residents persist; 1, grasses invade and exclude
trees; 2, trees invade and exclude grasses; 3, trees and grasses coexist.

2.4 Discussion

2.4.1 Partitioning of mineral N may explain coexistence

Both models suggest that the partitioning of the two forms of mineral N can allow coexistence. This is

consistent with theories suggesting that the use of different resources allows the coexistence among
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different species through a stabilizing mechanism (Armstrong and McGehee, 1980; Chesson, 2000).

Such coexistence by resource partitioning is a particular case of niche complementarity (Barot and

Gignoux, 2004; Silvertown, 2004). Our results are supported by empirical studies on niche partitioning

for different chemical forms of N (NH+
4 , NO−

3 and amino acids) that show that plant species differ in

their preferences for various N forms and suggest that this can allow them to coexist (Ashton et al.,

2010; Harrison et al., 2007; Kahmen et al., 2006; McKane et al., 2002).

In our models, the partitioning of mineral N only enables the coexistence of species having

contrasting preferences for NH+
4 and NO−

3 (Fig. 2.2) as in Boudsocq et al. (2012). Indeed, the case

for which plants prefer the same mineral N form is similar to competition for a single resource and

coexistence is not possible because the best competitor for this mineral form excludes the other species

given that the resource is limiting enough (Hardin, 1960). In accordance with Boudsocq et al. (2012),

we found that the inhibition or stimulation of nitrification could influence coexistence. Nitrification

and the factors controlling it modify the availability of NH+
4 relative to NO−

3 . If nitrification is very

strong, only NO−
3 is available; if it is low, only NH+

4 is available. In either case, the species preferring

the unavailable N form is excluded because N tends to be available under a single form and becomes a

single resource. Chances of coexistence are thus maximized for intermediate rates of nitrification. In

contrast to the model of Boudsocq et al. (2012) that considered two species having the same N uptake

rate (independently of their preference for NH+
4 versus NO−

3 ), we show that species having different N

uptake rates can also coexist. This strongly increases the likelihood that the emphasized coexistence

mechanism influences real plant communities where plants differ in their ecological and physiological

characteristics.

2.4.2 Model limitations

Our model is a mean-field model where trees and grasses have access to the same mineral N

compartments. But savannas are spatially structured ecosystems with tree clumps and patches of

grasses (Barot et al., 1999). It would thus be more realistic to build a model taking into account

the spatial heterogeneity of nitrification fluxes with zones of low nitrification under grasses (Lata

et al., 2004, 2000; Srikanthasamy et al., 2018) and zones of high nitrification under tree canopy

(Srikanthasamy et al., 2018). This model would also allow taking into account competition for light

and the fact that under trees, the growth of grasses is limited by tree shading (leading to a spatially

heterogeneous rate of mineral N uptake for grasses).

We acknowledge that plant preference for NH+
4 versus NO−

3 is a multifactorial complex process

(Britto and Kronzucker, 2013) . At the root scale, this parameter depends on physiological properties

of roots (at least NH+
4 and NO−

3 transporters). At the plant scale, it also depends on plant capacity

to reduce and metabolize NO−
3 , which is a costly process (Konnerup and Brix, 2010). However, at

the plant or ecosystem scale, it should also depend on the spatial-temporal distribution of the two

forms of mineral N within the soil profile and on root distribution (Ashton et al., 2010; Fang et al.,

1999; Houlton et al., 2007). We assumed a fixed value for the preference for NH+
4 versus NO−

3 that does

not take into account the plasticity of plants in the uptake of mineral N according to environmental

and physiological conditions. This means that fully testing our hypotheses and determining the
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consequences of N recycling on the tree-grass dynamics should involve: (1) assessing the preference

for NH+
4 versus NO−

3 of trees and grasses of the Lamto savanna, (2) assessing the plasticity in this

preference, (3) including this plasticity in new models. In the same vein, our models do not explicitly

include many additional important processes such as water fluxes and temporal variations of N cycle.

Model parameters are averaged values concealing the spatio-temporal variability in N fluxes. In

particular, mineralization, nitrification and denitrification depend on soil humidity and the seasonality

in rainfall. Implementing such a temporal variability would allow answering new questions about the

influence of the synchronization and desynchronization of N fluxes.

2.4.3 Case of savannas: influence of nitrification on coexistence

Many mechanisms have been suggested to explain tree-grass coexistence in savannas (Sankaran

et al., 2004). So far, studies on resource partitioning between trees and grasses have only dealt with

the spatial and temporal separation of the water resource (Walker and Noy-Meir, 1982; Walter, 1971).

Competition for mineral N between trees and grasses has been modelled in savannas, but N has been

considered as a single resource (Donzelli et al., 2013), whereas the models developed in this study take

into account two different pools of mineral N (NH+
4 and NO−

3 ).

Our models suggest that, for a low nitrification rate, grasses and trees coexist when grasses prefer

NO−
3 and trees prefer NH+

4 (Fig. 2.4a). This case is not consistent with our hypothesis that coexistence is

facilitated when grasses prefer NH+
4 and trees prefer NO−

3 . Lamto perennial grasses are known to inhibit

nitrification (Lata et al., 2004, 2000; Srikanthasamy et al., 2018) while trees stimulate it (Srikanthasamy

et al., 2018), which suggests that grasses should preferNH+
4 + and trees NO−

3 (βG > 0.7; βT < 0.3). When

nitrification rate increases and reaches an intermediate value, coexistence becomes possible if grasses

prefer NH+
4 and trees prefer NO−

3 (Fig. 2.4b). The latter case is consistent with our hypothesis and

seems more realistic. This suggests that nitrification inhibition can be viewed as an adaptation of some

savanna grasses to increase N availability (Lata et al., 2004; Subbarao et al., 2007) and nitrification

stimulation may be interpreted as a response of trees to limit competition with grasses for NH+
4 .

Although there is some evidence that nitrification-inhibiting grasses prefer NH+
4 (Rossiter-Rachor et al.,

2009) (Tavernier, 2003), further empirical studies are needed to test tree and grass preferences for

NH+
4 versus NO−

3 in the Lamto savanna and in savannas with different pedoclimatic conditions. In any

case, we do not expect a strict preference for one form or the other (tree being only able to take up

NO−
3 and grasses, NH+

4 ) because taking up one form of mineral N does not prevent the uptake of the

other form. Moreover, some studies showed that plant growth is maximized when plants take up a

mixture of NH+
4 and NO−

3 (Britto and Kronzucker, 2002; Forde and Clarkson, 1999; Konnerup and Brix,

2010). It must be noticed that tree and grass preferences for NH+
4 versus NO−

3 also influence tree and

grass biomass (Fig. 2.3) and that coexistence through N partitioning does not necessarily maximize

total biomass (Appendix 3). This suggests that further studies should focus on the way tree and grass

preferences for NH+
4 versus NO−

3 and nitrification influence the plant biomass of savannas and their

primary production. Finally, the existence of zones where both trees and grasses simultaneously have

a clear preference for NH+
4 and cannot persist because nitrification is too high (zone 4 in Fig. 2.4)

confirms that evolution should select complementary strategies linking the preference for NH+
4 and

NO−
3 and the ability to inhibit or stimulate nitrification.
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2.4.4 Alternative stable states in tree-grass dynamics

The analysis of the second model where nitrification depends on the availability of NH+
4 and plant

biomass shows that the control of nitrification can lead to bistability (Appendix 4) when trees and

grasses have a high preference respectively for NO−
3 (βT < 0.1) and NH+

4 (βG > 0.93). Depending

on the initial biomass of trees and grasses, only trees or grasses persist. This is a kind of founder

control effect (Perry et al., 2003) where initially present trees impede any invasion by grass and vice

versa, by increasing the availability of their preferred form of mineral N. The low density of invaders

prevents them from influencing the availability of NH+
4 or NO−

3 and thus to increase the availability

of their preferred N form (Boudsocq et al., 2012). The possibility of such scenarios and the required

preferences for NH+
4 and NO−

3 would need to be tested empirically.

Determining whether savannas are bistable systems is important to predict their dynamics (Staver

et al., 2011a; Van Langevelde et al., 2003). Baudena and Rietkerk (2013) showed that depending on

the initial density of trees and grasses, multiple states could be observed, leading to the tree-grass

coexistence or the exclusion of either trees or grasses, or even the exclusion of both. In African

savannas, intermediate values of precipitation may lead to the presence of two alternative stable states,

i.e., savannas and forests (Sankaran et al., 2008). In this case, fire and herbivores become a determinant

factor of the savanna structure because they prevent the establishment of a forest by reducing woody

cover and thus allow grasses to persist (Higgins et al., 2010; Staver et al., 2011a,b). While fire and

herbivory are usually mentioned as factors responsible for savanna bistability, our model suggests that

plant-soil feedbacks and the partitioning of the N resource could also be involved in such a bistability.

2.5 Conclusion and perspectives

We have shown that mineral N partitioning can be involved in tree-grass coexistence in the Lamto

savanna and that this mechanism should be more efficient when grasses inhibit nitrification and

trees stimulate nitrification. Adjustments and new parameterization are required to test whether the

partitioning of the mineral N resource is likely to facilitate tree-grass coexistence in other types of

savannas. There are some hints that the capacity to inhibit nitrification is a general phenomenon in

African perennial grasses (Lata et al., 2004; Rossiter-Rachor et al., 2009; Subbarao et al., 2007). This

inhibition suggests that mineral N partitioning could be involved in tree-grass coexistence of many

African savannas, especially of West African savannas that share many tree and grass species with the

Lamto savanna. However, grass BNI capacity has so far never been tested on a large geographical and

taxonomic scale and needs to be studied in other savannas. This should be achieved to assess the

generality of our model results testing BNI abilities in more African savanna grasses and in Australian

and South American native savanna grasses. Because of the success of African perennial grasses

in South America and Australia (D’Antonio and Vitousek, 1992; Rossiter-Rachor et al., 2017), we

hypothesize that savanna grasses non-native from Africa do not have BNI capacities and that the

mechanism we emphasize would not hold outside African savannas. Furthermore, our model does not

take into account two important features, absent from the Lamto savanna, but important in other

savannas: high herbivore pressures and N fixing trees (e.g. Acacias) that can lead to an N limited system

under grasses and a P-limited system under trees (Ludwig et al., 2001). These two features impact N

68



Chapter 2 – Effects of Mineral N partitioning on tree-grass coexistence

cycling and should be included in future models to test the influence of our proposed nutrient-related

coexistence mechanism in these savannas. Different coexistence mechanisms often interact with

one another (Ellner et al., 2019; Van Langevelde et al., 2003,?). In our case, mineral N partitioning

very likely interacts with fire-induced mortality reported for trees in the Lamto savanna (Hochberg

et al., 1994). These mechanisms involve tree and grass demography (Higgins et al., 2000), while our

models only focus on the role of N fluxes. Future studies on interaction mechanisms determining

tree-grass coexistence and their relative influence should therefore involve individual-based models

that allow to take into account both tree and grass demography and N fluxes. Coexistence may also

depend on mechanisms leading to more complex uptake functions (i.e., saturating with the availability

of the N pool and plant biomass) (Rastetter et al., 2002). New simulations (Appendix 5) show that

such mechanisms interact with the partition of the mineral N resource to determine the possibility

of tree-grass coexistence and could, depending on parameters values, increase the possibilities of

coexistence, or lead the same pattern of coexistence found with the linear donor-recipient function.

In summary, our modeling study emphasizes that mineral N partitioning could be a highly

relevant mechanism determining coexistence of savanna trees and grasses aside from other commonly

suggested mechanisms. Partitioning of mineral N forms should be also studied further because it may

influence the total biomass and its repartition between trees and grasses.

Besides, as our models are rather theoretical, it will be necessary to test their results using empirical

approaches, for example by manipulating N limitation and the relative availability of NH+
4 and NO−

3

(by the addition of N fertilizer), or by assessing N fluxes in the field using in situ labeling of N. Finally,

the partitioning of mineral N forms between trees and grasses could also be involved in the currently

observed global trend of woody encroachment in savannas (Ward, 2005). This encroachment is likely

due to a combination of factors (increase in atmospheric CO2, changes in fire regimes and herbivore

pressures), but our model results suggest that N cycling and the current global eutrophication of

terrestrial ecosystems could also be influential, especially when atmospheric deposits of N add more

NH+
4 than NO−

3 , as it is the case at the Lamto site (Abbadie, 2006).
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2.6 Appendix

2.6.1 Appendix 1: Equations and jacobian matrix of model 1

Model 1 corresponds to the case where nitrification only depends on the availability of NH+
4 and is

represented by the following equations:

dG

d t
= βGuGNAG+ (1−βG)uGNNG− (dG + lG)G (2.8)

dT

d t
= βTuT NA T+ (1−βT) uTNN T− (dT + lT) T (2.9)

dO

d t
= RO +dTT+dG G− (m + lO) O (2.10)

dNA

d t
= RNA +m O− (βGuG G+βT1uT T+n + lNA) NA (2.11)

dNN

d t
= RNN +n NA − ((1−βG)uG G+ (1−βT)uT T+ lNN) NN (2.12)

Solving of model 1 leads to six equilibria. We calculate the jacobian matrix to determine their
stability.

J(G,T,O,NA,NN) = 1



−dG−lG+αGNA+(1−βG)NN 0 0 αGG cGG

0 −dT−lT+αTNA+(1−βT)NN 0 αTT cTT

dG dT −l0−m 0 0

−αGNA −αTNA m −l NA−n−αGG−αTT 0

−cGnN −cTnN 0 n −lNN−cG−cTT



with aG = uG βG; aT = uT βT; cG = uG (1-βG) and cT = uT (1-βT)
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2.6.2 Appendix 2: Plant biomass and coexistence

Figure 2.6 – Diagrams of tree biomass (a) and (b), grass biomass (c) and (d), total biomass (e) and
coexistence/invasion (f) when nitrification only depends on the availability of NH+

4 . Invasion zones: 1,
grasses exclude trees; 3, trees and grasses coexist. The color gradient is expressed in kg N/ha.
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Figure 2.7 – Diagrams of tree biomass (a) and (b), grass biomass (c) and (d), total biomass (e) and
coexistence/invasion (f) when nitrification depends on both the availability of NH+

4 and the influence
of tree and grass biomass. Invasion zones: 0, no invasion but residents persist; 1, grasses exclude trees;
3, trees and grasses coexist. The color gradient is expressed in kg N/ha.
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2.6.3 Appendix 3: Link between coexistence and total biomass of trees

and grasses

We focus on the case where coexistence is possible when trees prefer nitrate and grasses prefer

ammonium (n = 5 yr−1). This case seems more realistic when we consider the inhibition of nitrification

by grasses and stimulation of nitrification by trees in the Lamto savanna. We ran simulations of mutual

invasion (grasses are the invading plant and trees are the resident species and the reverse).

Figure 2.8 – Diagram of mutual invasion between trees and grasses of model 1 (n = 5 yr−1), total
biomass corresponding to the diagram of mutual invasion when grasses invade (b) and trees invade (c).
Invasion zones: 1, grasses exclude trees; 3, trees and grasses coexist. The color gradient is expressed in
kg N/ha.
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2.6.4 Appendix 4: Study of bistability

In the case where nitrification depends on the availability of NH+
4 and the tree and grass biomass

(model 2), we observe the presence of two alternative stable states. When trees prefer NO−
3 (βT = 0.005)

and grasses prefer NH+
4 (βG > 0.9), two different situations can be observed according to the initial

grass biomass. If grasses are the resident species and trees are the invading species, grasses maintain a

high biomass and trees are not able to invade. However, if grasses are the invading species and trees

the resident species, grasses cannot invade and trees maintain a high biomass.

Figure 2.9 – Effects of grass preference for NH+
4 on: (a) grass N stock and (b) tree N stock (βT = 0.005)
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2.6.5 Appendix 5: Sensitivity of tree-grass coexistence to nitrogen uptake

function

In the main text of the article, we used “linearly donor-recipient” fluxes to model N uptake by plants.

Rastetter et al. (2002) suggested that a linear growth function proportional to the population biomass

limits the coexistence of species to the number of limiting resources in the ecosystem. Besides, they

demonstrated that the coexistence of species limited by only one resource is possible if the growth

function leads to a concave downward function that is not linearly proportional to the biomass. Hence,

we tested the impact of the mathematical formula proposed by Rastetter et al. (2002) on tree-grass

coexistence using the version of our model where nitrification is independent from plant biomass.

More specifically, we tested whether this formula increases the possibilities of coexistence in our case

where mineral resources is represented under two forms. We also tested how this formula changes the

coexistence pattern found with the linearly donor-recipient formula. This new formula includes new

parameters such as the reduction of N availability per unit of plant biomass (αG for grasses and αT for

trees) and the N concentration when the plant achieves the half of its maximum growth (kNA for NH+
4

and kNN for NO−
3 ). For example, the NH+

4 uptake flux becomes (e.g. for grasses):

G
αG G+1

γG G+1

uGβG NA

kNA+NA
(2.13)

Taking into account this new formalism leads to the following equations:

dG

d t
= G

αGG+1

γGG+1

uGβGNA

kNA+NA
+G

αGG+1

γGG+1

uG(1−βG)NN

kNN+NN
−(dG+lG)G (2.14)

dT

d t
= T

αTT+1

γTT+1

uTβTNA

kNA+NA
+T

αTT+1

γTT+1

uT(1−βT)NN

kNN+NN
−(dT+lT)T (2.15)

dO

d t
= RO+dGG+dTT−(m+lO)O (2.16)

dNA

d t
= RNA+mO−G

αGG+1

γGG+1

uGβGNA

kNA+NA
−T

αTT+1

γTT+1

uTβTNA

kNA+NA
−(n+lNA)NA (2.17)

dNN

d t
= RNN+mO−G

αGG+1

γGG+1

uG(1−βG)NNN

kNN+NN
−T

αTT+1

γTT+1

uT(1−βT)NN

kNN+NN
−lNNNN (2.18)

Rastetter et al. (2002) also showed that α < γ is a necessary condition to allow the coexistence of

more than one species on a single resource. Because existing data on the Lamto savanna do not allow

to easily parameterize the non linear uptake function (αG, αT, γG, γT, kNA and kNN ), we considered αG

= αT and kNA = kNN (k = 5) and chose values respecting the condition α < γ and allowing to obtain N

stocks at equilibrium close to the values obtained with the linearly donor-recipient uptake functions

(thus close to the real field values). Numerical simulations have been performed with two values of α

(0.05 and 1.5) and one value for γ (γ = 2). We reproduced the same gradient in nitrification rate as in

Fig. 2.4 of the main text.

When α = 0.05, the region of coexistence is quite different and larger than in the initial model

(Fig. 2.11-a). For a low nitrification (n = 2.7 yr−1), coexistence is possible for all combinations of βG
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and βT. When nitrification rate increases, a zone where grasses exclude trees appear while the zone

of coexistence decreases and coexistence is now possible for all values of βG and when trees prefer

NO−
3 . The region of coexistence becomes much smaller for high nitrification rates but the general

coexistence pattern remains unchanged. When α = 1.5, two zones appear as in the initial model (see

main text Fig. 2.4a). For low nitrification, there is a zone of coexistence when grasses prefer NO−
3 and

trees prefer NH+
4 and a zone where grasses invade and exclude trees (Fig. 2.11-b). With increasing

nitrification rate (n = 5 yr−1), the size of the zone of coexistence decreases. When nitrification rate

increases further (n = 6 yr−1 ), the zone of coexistence virtually disappears. When nitrification rate is

very high (n = 10 yr−1), coexistence reappears and becomes possible when grasses prefer NH+
4 and

trees prefer NO−
3 .

The study of Rastetter et al. (2002) suggests to explore more complex uptake functions allowing

coexistence on a single resource. Our results confirm that the functions used for N uptake influences

the conditions of coexistence. In particular, in some cases this lead to coexistence whatever tree and

grass preferences for NH+
4 and NO−

3 (cf Fig. 2.11-a). Nevertheless, the nonlinear uptake function does

not fully change our results. For example, the general pattern of coexistence is conserved in the case of

Fig. 2.11-b. Taken together, this suggests that it could be interesting in future models to consider other

N uptake functions but this would require field work to be able to parameterize these functions. This

has never been achieved in the Lamto savanna.
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Figure 2.10 – Diagrams of mutual invasion between trees and grasses according to different nitrification
rates. Simulations have been performed with the formula proposed by Rastetter et al. (2002) with α =
0.5. Nitrification rate increases from the top to the bottom (a): n = 2.7 yr−1, (b): n = 5 yr−1, (c): n = 6
yr−1, (d): n = 10 yr−1. Invasion zones: 1, grasses invade and exclude trees; 3, trees and grasses coexist.
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Figure 2.11 – Diagrams of mutual invasion between trees and grasses according to different nitrification
rates. Simulations have been performed with the formula proposed by Rastetter et al. (2002) with α =
1.5. Nitrification rate increases from the top to the bottom (a): n = 2.7 yr−1, (b): n = 5 yr−1, (c): n = 6
yr−1, (d): n = 10 yr−1. Invasion zones: 1, grasses invade and exclude trees; 3, trees and grasses coexist.
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Spatial heterogeneity in nitrification and horizontal soil
exploration favour source-sink dynamics in a humid savanna
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1 Sorbonne Université, IRD, CNRS, INRA, UPEC, Univ Paris Diderot, Institute of Ecology and

Environmental Sciences, iEES Paris, 75005 Paris, France; 2 Eco&Sols, INRA, CIRAD, IRD, Montpellier

SupaAgro, Univ Montpellier, Montpellier, France; 3 Department of Geoecology and Geochemistry,

Institute of Natural Resources, Tomsk Polytechnic University, 30, Lenin Street, Tomsk 634050, Russia

Abstract

Savannas are structured ecosystems characterized by a grass layer interspersed with tree clumps.

Trees strongly modify their local environment and favor nutrient accumulation under their canopies.

Tree roots can also forage horizontally far beyond the canopy projection to increase nutrient uptake. In

the Lamto savanna (Côte d’Ivoire), grasses are able to inhibit nitrification while trees stimulate it. Here,

we used a two-patch model simulating nitrogen (N) dynamics in a humid savanna between an open

patch (without tree) associated with a low nitrification rate and a patch of tree clump associated with a

high nitrification rate. The model also includes horizontal N fluxes between these two patches corre-

sponding to horizontal soil exploration by tree roots. We analyzed the impact of spatial heterogeneity

in nitrification and soil horizontal exploration on N budget and plant biomass. Our results show that

horizontal soil exploration by roots allows trees to access more nutrients and leads to an asymmetric N

flux from the open patch to tree clumps, which contributes to nutrient enrichment under tree clumps

and increases tree growth. Even though trees are able to accumulate nutrients under their canopy

through nutrient redistribution, increasing the surface occupied by tree clumps increases N losses

due to the increased nitrification under trees and thus decreases the quantity of N available under

tree canopy. The heterogeneity in N cycling created by savanna trees and grasses, the proportion of

tree cover and the horizontal extension of tree roots strongly alter N budget and plant biomass in the

Lamto savanna. This study is the first one emphasizing the influence of horizontal exploration of trees

and tree cover on savanna N budget and functioning. These factors should be determinant in West

African humid savannas but should be further tested using empirical approaches.

Keywords: grasses, horizontal soil exploration, preference for NH+
4 versus NO−

3 , nitrification con-

trol, nitrogen cycling, savanna, trees
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3.1 Introduction

Savannas are spatially structured ecosystems dominated by C4 grasses and trees that are more or less

clumped (Scholes and Archer, 1997). Savanna functioning is determined by the interactions between

plants, disturbances and resource availability (Hoffmann et al., 2012; Sankaran et al., 2005; Scholes

and Archer, 1997). In particular, plants directly affect the availability of soil nutrients through litter

deposition or root exudation, which feedbacks on their capacity to take up nutrients (Hobbie, 1992,

2015). Many studies have focused on the effects of savanna trees on soil properties and on understorey

vegetation beneath their canopies (Belsky et al., 1989; Isichei and Muoghalu, 1992; Ludwig et al., 2004;

Mordelet et al., 1993; Ward et al., 2018). They generally showed that soils under tree canopies have

significantly higher concentrations of organic matter and nutrients (N, P...) than in the open (Belsky

et al., 1989; Mordelet et al., 1993). The increase of nitrogen (N) concentration under tree clumps leads

to a lower C/N ratio that likely increases microbial activity (Mordelet et al., 1993). Besides the influence

of throughfall (foliar and branch leachates) on inputs of nutrients to the soil, some trees (Acacia

species) increase soil fertility through symbiotic N fixation (Belsky et al., 1989; Kambatuku et al., 2013),

which constitutes an important N source for the herbaceous vegetation under tree canopies but can

also change nutrient limitation from N-limited in open areas to P-limited under tree canopies (Ludwig

et al., 2004, 2001). Taken together, trees modify their environment and create spatial heterogeneity in

the soil characteristics of savannas.

Most savannas tend to be nutrient-limited (Pellegrini, 2016), particularly for N. This is due to

heavy rains and low soil cationic exchange capacity (due to low soil organic matter and clay contents,

and to clay types) that cause high N losses by leaching. Besides, frequent fires burn aboveground

biomass, which leads to the volatilization of a part of the N it contains (Abbadie, 2006). Despite these

constraints, primary production is often as high in humid savannas as in tropical forests (Lieth and

Whittaker, 1975). In the Lamto humid savanna (Côte d’Ivoire), this high productivity is partly due

to the capacity of dominant perennial grasses to prevent nitrification in the soil surrounding their

root system (Boudsocq et al., 2009; Lata et al., 2004; Srikanthasamy et al., 2018). Such a "biological

nitrification inhibition" (BNI) has been identified in other tropical grasses such as Brachiaria

humidicola, Andropogon gayanus and sorghum (Rossiter-Rachor et al., 2009; Subbarao et al., 2013).

Suppressing nitrification allows keeping N in the ammonium (NH+
4 ) form, thus minimizing N losses

through nitrate (NO−
3 ) leaching and denitrification. In addition, Srikanthasamy et al. (2018) found

that the dominant non-fixing tree species of the Lamto savanna stimulate nitrification. While grasses

have been shown to inhibit nitrification through particular root exudates, the mechanism by which

trees affect nitrification in savannas is still unclear. Higher amount of organic matter under tree

canopy could increase N availability and microbial activity including mineralization and nitrification

(Mordelet et al., 1993). Trees could also release specific molecules through root exudates that

specifically stimulate nitrification. These different plant-soil feedbacks create a spatial heterogeneity

in nitrification fluxes that should strongly influence N cycling and suggests differences between trees

and grasses in their preference for NH+
4 versus NO−

3 (Boudsocq et al., 2012; Konaré et al., 2019).

Horizontal N flows may occur between the open and tree clumps through soil exploration by tree

roots. Savanna trees are able to extend their roots horizontally beyond their canopy extent to absorb
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nutrients from surrounding open areas occupied by grasses. These nutrients are used for tree growth

(leaves, branches) and thus return to the soil of tree clumps through litterfall, improving soil fertility

under the canopy (Belsky et al., 1989; Rhoades, 1996). This resultingly leads to horizontal fluxes of

nutrients from open patches to tree clump patches while grasses in open patches can receive nutrients

from tree clump patches via the mortality of exploring roots. In the Lamto savanna, tree roots can

extend more than 30 m away from the center of a tree canopy rarely wider than 5 m (Mordelet, 1993)

and are found almost everywhere outside tree clumps (Menaut, unpublished data; Mordelet (1993)).

Tree roots in the open could create source-sink dynamics leading for example tree clumps to be

nutrient sinks. Moreover, horizontal fluxes between the open and tree clump patches and their impact

on plant biomass should also depend on the proportion of tree cover in the savanna. For a given

surface of savanna, and for a given proportion of roots outside the tree canopy, increasing tree cover

increases tree sink capacity, but decreases the quantity of N available in the open. Hence, for a low

(high) proportion of tree cover, each unit area of tree patch could benefit from a high (low) N input

from the open. This should in turn, influence the relative tree and grass biomass.

The aim of this study is to analyze how spatial heterogeneity due to nitrification control by plants

and horizontal N fluxes between the open and tree clump patches through soil exploration by trees

influence N budget and plant biomass of the Lamto savanna. To do so, we used a two patch model (an

open patch with low nitrification and a tree clump patch with high nitrification) to test the following

hypotheses: (i) increasing horizontal soil exploration leads to an increasing asymmetric net N flux

from the open to tree clumps, which increases tree biomass and contributes to the fertility of tree

clump soil, (ii) because trees stimulate nitrification, increasing the proportion of the surface occupied

by trees increases total N losses and decreases the amount of mineral N available by unit of tree cover

surface and (iii) spatial heterogeneity in nitrification fluxes and horizontal soil exploration by tree

roots strongly alter the overall N budget of the Lamto savanna. Interestingly, we can consider savanna

ecosystems as meta-ecosystems (Gounand et al., 2018; Loreau et al., 2003), whose "ecosystems", i.e.

two types of patches, are linked by N fluxes. We thus study within a savanna three key features of

meta-ecosystems: the structure of the meta-ecosystem (the relative surface of the open and tree clump

patches), the heterogeneity between patches (high nitrification versus low nitrification patches) and

the intensity of fluxes between patches (N fluxes).

3.2 Two patch model

3.2.1 Model description

The model is a spatial version of a published mean-field model (Konaré et al., 2019). It simulates

N dynamics between an open patch with a low nitrification rate (patch 1) and a tree clump patch

with a high nitrification rate (patch 2). The open patch is occupied by grasses and some tree roots

(see below), while the tree clump patch is occupied by trees and grasses. This model includes grass

biomass in both patches (G1, G2) and tree biomass (T) in patch 2 as well as organic matter (O) and soil

mineral N, ammonium (NA) and nitrate (NN) in both patches (Fig. 3.1). Model compartments are

N stocks expressed in kilograms of N per hectare of patch (kg N ha−1) and exchange rates between

compartments and patches are N fluxes, expressed in kilograms of N per hectare of patch per year
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(kg N ha−1 yr−1). Note that the term "plant biomass" only refers to the size of N pools in plants (trees

or grasses). All parameters but nitrification rate and tree preference for NH+
4 versus NO−

3 are equal

between the two patches to focus on the impact of nitrification heterogeneity and horizontal fluxes.

Figure 3.1 – Two patch model representing N dynamics between an open patch and a patch of tree
clump in savanna ecosystem. Dashed lines correspond to horizontal exploration of tree roots under
grasses and dotted lines correspond to the influence of plants on nitrification.

Following Boudsocq et al. (2012), grasses and trees can use N under two mineral forms NH+
4

and NO−
3 with the parameter β quantifying the preference for NH+

4 versus NO−
3 . β ranges from 0 to

1 and the closer to 1, the higher the preference for NH+
4 . This preference has never been precisely

assessed in savanna grasses and trees but has been shown to be very influential for the N budget of

ecosystems (Boudsocq et al., 2012), and grass and tree biomass (Konaré et al., 2019). Moreover, trees

are able to extend horizontally a certain proportion of their roots outside their canopy projection (α) to

absorb nutrients in the open (patch 1). Thus, the tree root biomass in the open is α r T, where r is the

proportion of roots in the tree biomass (root biomass/ total biomass). As nutrient uptake depends

on both plant biomass and nutrient availability, N uptake fluxes are modeled using donor-recipient

functions, i.e., proportional to the sizes of both the donor and the recipient pools. The N uptake rate

by trees is represented by βT1 ur and βT2 ur respectively for NH+
4 uptake by tree roots in the open and

under tree clump, and (1-βT1) ur and (1-βT2) ur respectively for NO−
3 uptakes. The N uptake by trees

in the open depends on α but also on the proportion of the surface occupied by tree clumps (γ) and by

the open (1-γ). We thus considered the tree root biomass in the open (α r T) and we divided γ by (1-γ)

to express N uptake by trees in kg N per hectare of the open. This leads to the following expressions:
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βT1(
γ

1−γ )ur NA1 αr T

for NH+
4 uptake and

(1−βT1)(
γ

1−γ )ur NN1 αr T

for NO−
3 uptake.

It must be noted than in the field, the observed α depends on (1) the proportion of roots outside

the canopy projection of each individual tree, (2) the proportion of tree cover (γ) and (3) the spatial

distribution of individual trees. Nevertheless, in order to analyze the respective influence of α and γ,

we considered in our simulations the two parameters as independent.

Grass mortality (constant rate dG) constitutes an input to the organic compartment (compartment

O). Tree above-ground and below-ground parts have distinct mortality rates dl and dr . The dead

organic matter resulting from the decay of plant material is mineralized into NH+
4 at rate m. Then,

NH+
4 is transformed into NO−

3 at rate n. External inputs of mineral N through dry and wet depositions

(rain and dust) bring N in organic or mineral forms (Abbadie, 2006) and are represented by fixed inputs,

independent of model compartments, iO, iNA, iNN respectively for O, NA and NN compartments.

Non-symbiotic fixation contributes to the input of NH+
4 and is included in iNA (Abbadie, 2006). N

is lost from the ecosystem at rates lG, lT, lO, lNA and lNN mainly due to fire for plant compartments,

leaching for other compartments and denitrification in the case of NO−
3 . Symbiotic N fixation by trees

and herbivory are not taken into account in the model because tree species in the Lamto savanna are

not N-fixing plants and the density of large herbivores is low (Abbadie, 2006; Le Roux et al., 2006). The

equations below hold for compartments measured at the scale of each patch, but the equations for

a hectare of savanna can be easily derived by multiplying them by (1-γ) and γ in the open and tree

clump patches respectively (Appendix 1). Overall, the two patch model is represented by the following

system of equation :

Open patch (patch 1):

dG1

d t
= βGuGNA1G1+(1−βG)uGNN1G1−(dG+lG) G1 (3.1)

dO1

d t
= iO+dGG1+dr (

γ

1−γ ) αr T−(m+lO) O1 (3.2)

dNA1

d t
= iNA+m O1−(βGuG G1+n1+lNA+βT1ur (

γ

1−γ ) αr T) NA1 (3.3)

dNN1

d t
= iNN+n1 NA1−((1−βG)uG G1+lNN+(1−βT1)(

γ

1−γ )urαr T) NN1 (3.4)
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Tree clump patch (patch 2):

dG2

d t
= βGuGNA2G2+(1−βG)uGNN2G2−(dG+lG) G2 (3.5)

dT

d t
= (1−α)(βT2ur NA2r T+(1−βT2)ur NN2r T)+α(βT1ur NA1r T+

(1−βT1)ur NN1r T−(dl (1−r )+drαr +(1−α)dr r +lT) T
(3.6)

dO2

d t
= iO+dGG2+(1−α)dr r T+dl (1−r )T−(m+lO) O2 (3.7)

dNA2

d t
= iNA+m O2−(βGuGG2+(1−α) βT2ur r T+n2+lNA) NA2 (3.8)

dNN2

d t
= iNN+n2 NA2−((1−βG)uG G2+lNN+(1−βT2)(1−α)ur r T) NN2 (3.9)

Note that in our model, grasses do grow within tree clumps as observed in reality (Mordelet et al.,

1997).

3.2.2 Model analysis and parameterization

Because the model could not be analytically solved, we analyzed it through numerical simulations.

The model has been implemented in R (R Core Team, 2019) and the resolution of the differential

equations was performed using the deSolve package (Soetaert et al., 2010). All displayed results

correspond to compartment size after 3000 years of simulation, which was a time sufficient to reach

steady states of all compartments.

Parameter values used are summarized in Table 4.1 and are based on data from the Lamto reserve

in Côte d’Ivoire (06◦13’N, 05◦02’W) (Abbadie et al., 2006). The vegetation in this site is a mosaic

of savannas composed of perennial grasses, small tree clumps and tall palm trees. The climate is

characterized by a mean annual temperature of 27◦C and a mean annual rainfall of 1200 mm divided

between two dry seasons (from November to February and in August) and two rainy seasons (from

March to July, and from September to October). We used parameters from Konaré et al. (2019). The

ratio of roots in the tree biomass (r) was estimated from (Menaut and Cesar, 1979). N uptake by

tree roots (u r) was estimated by exploring parameter values to obtain a tree biomass close to the

one measured in the Lamto savanna (86.1 kg N ha−1 ; Menaut and Cesar (1979)). Regarding the

mortality rate of tree leaves (dl), we divided the annual leaf fall by total tree biomass (Menaut and

Cesar, 1979). Spatial heterogeneity was included in the model by considering a low nitrification rate

in the open patch (n1) and a higher nitrification rate under trees (n2). Those rates were determined

by dividing nitrification fluxes under grasses and under trees by their respective ammonium stocks

(Srikanthasamy et al., 2018). Tree cover varies depending on the different facies observed in the Lamto

savanna: from grass savanna (tree cover < 7%) to savanna woodland (tree cover > 62%) (Gautier, 1990;

Menaut and Cesar, 1979). To understand the impact of soil exploration by tree roots in the open and

the proportion of tree cover on N dynamics, we tested the impact of four combinations of two values of
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α (0.25 and 0.5) and γ (0.15 and 0.3). γ = 0.15 and γ = 0.3 roughly correspond to a sparse tree savanna

and a tree savanna in the Lamto site (Gautier, 1990). The net horizontal N flux corresponds to the

difference between inflow in the tree clump patch (N uptake by trees) and outflow (tree roots mortality

in the open patch).

Although existing data do not allow estimating the preference of plants for NH+
4 versus NO−

3 ,

nitrification stimulation under tree clumps suggests a preference of trees for NO−
3 for tree roots inside

tree clump patch. On the contrary, if trees extend their roots outside their canopy projection to take up

N, these roots should have a preference for NH+
4 . Such a within species difference in the preference for

NH+
4 versus NO−

3 is possible due to the diversity of underlying mechanisms (Britto and Kronzucker,

2013). We therefore decided to distinguish the preference of trees for NH+
4 versus NO−

3 in the open

patch (βT1) and under tree clumps (βT2) and to fix tree preference under tree clumps (βT2 = 0.25). All N

stocks and N fluxes were determined according to different combinations of plant preference for NH+
4

versus NO−
3 (βG and βT1) with an increment of 0.01.
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Table 3.1 – Parameters of the two-patch model

Parameters Definition Unit Values

Grass parameters

dG Turnover rate of grass yr-1 0.6

lG Rate of N losses from grass compartment yr-1 0.4

uG N uptake rate ha kg-1 N yr-1 0.14186

βG Preference for NH4
+ No unit -

Tree parameters

dr Turnover rate of tree roots yr-1 0.08

dl Turnover rate of tree leaves yr-1 0.073

lT Rate of N losses from tree compartment yr-1 0.11

ur N uptake rate by tree roots ha kg-1 N yr-1 0.08

βT1 Preference for NH4
+ in the open patch No unit -

βT2 Preference  for  NH4
+  in  the  tree  clump

patch
No unit 0.25

α Fraction of roots in the open No unit -

γ Tree clumps proportion No unit -

r Root shoot ratio No unit 0.5

Soil parameters

iO N organic input to the savanna kg N ha-1 yr-1 16.5

m N mineralization rate yr-1 0.025

lO N loss from the N organic compartment in
surface soil layer

yr-1 0.0027

iNA NH4
+ inputs to the savanna kg N ha-1 yr-1 23

n1 Nitrification rate in the open patch yr-1 0.09

n2 Nitrification rate in the tree clump patch yr-1 4.16

lNA NH4
+ loss rate yr-1 0.0133

iNN NO3
- inputs to the savanna kg N ha-1 yr-1 4.1

lNN NO3
- loss rate yr-1 2.7
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3.3 Results

3.3.1 Soil N pools in the open and tree clump patch

Plant type (grass or tree) significantly affected soil N pools at the patch scale (Fig. 3.2). For a proportion

of tree roots outside tree canopy (α) of 25% and a surface of 15% occupied by tree clumps (γ), two

main trends appear (Fig. 3.2a): when tree preference for NH+
4 in the open patch is lower than grass

preference for NH+
4 , the clump/open ratio of organic N (i.e., the ratio between soil organic N beneath

the tree clump patch and the open patch) is lower than 1. Conversely, the clump/open organic N ratio

is higher than 1 when tree preference for NH+
4 in the open patch is higher than grass preference for

NH+
4 . This ratio sharply increases and leads to a zone where soil organic matter under tree clumps

is about 8 times higher than in the open patch. The NH+
4 stock is always higher in the open patch

than under tree clump (Fig. 3.2b). When tree preference for NH+
4 in the open patch is lower than grass

preference for NH+
4 , the clump/open NO−

3 ratio (i.e., the ratio between NO−
3 pool beneath the tree

clump patch and the open patch) is higher than 1 and increases up to 10 (10 times more NO−
3 per unit

area in the tree clump patch than in the open patch). However, when tree preference for NH+
4 in the

open is higher than grass preference for NH+
4 , the clump/open NO−

3 ratio is low and below 1 (Fig. 3.2c).

3.3.2 α and γ have contrasted effects on horizontal N fluxes and tree

biomass

The proportion of tree roots outside their canopies (α) and the proportion of the savanna surface

occupied by tree clumps (γ) affect the intensity of horizontal N fluxes (Fig. 3.3). At low values of α and

γ (α = 0.25 and γ = 0.15) (Fig. 3.3c), the net horizontal N flux from the open to the tree clump patch is

high only when tree preference for NH+
4 in the open patch is sufficiently higher than grass preference

for NH+
4 (0 < βG < 0.6). When grass preference for NH+

4 increases (βG > 0.6), the net horizontal N flux

varies from 31 kg N ha−1 yr−1 to zero depending on tree preference for NH+
4 in the open patch. With

increasing α (α = 0.5 and γ = 0.15) (Fig. 3.3a), the size of the zone where the net horizontal N flux

is high, increases. Contrary to α, the net horizontal N flux to the tree clump patch decreases with

increasing γ. When tree preference for NH+
4 in the open patch is higher than grass preference for NH+

4 ,

the net horizontal N flux is above 30 kg N ha−1 yr−1 (Fig. 3.3c). But when γ increases (α = 0.25 and

γ = 0.3, Fig. 3.3d), the net horizontal N flux does not exceed 27 kg N ha−1 yr−1 in this zone. When

grass preference for NH+
4 increases, the net horizontal N flux decreases from 27 kg N ha−1 yr−1 to

zero depending on tree preference for NH+
4 in the open patch. We also observe a small part of the

parameter space where the net horizontal N flux is negative when tree roots in the open patch have a

strict preference for NO−
3 and 0.05 < βG < 0.85.

The overall pattern is similar for tree biomass as in horizontal N fluxes (Fig. 3.4). Horizontal N fluxes to

the tree clump patch feedback to tree biomass and leads to a zone where tree biomass is unrealistically

high when tree preference for NH+
4 in the open patch is higher than grass preference for NH+

4 (Fig.

3.4c). Tree biomass increases with α (Figs 3.4a and 3.4c) but decreases with γ (Figs 3.4b and 3.4d).

The higher the grass preference for NH+
4 (0 < βG < 0.6), the higher tree preference for NH+

4 in the open

patch required for trees to stay in the system. When grass preference for NH+
4 is higher than tree

preference for NH+
4 in the open patch, tree biomass decreases to values lower than 100 kg N ha−1 (Figs

3.4a and 3.4b) or 200 kg N ha−1 (Figs 3.4b and 3.4d). Appendix S2 also shows that the effects of α and γ
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impact the grass and total biomass. The decrease of tree biomass favors the growth of grasses beneath

tree clump and in the open.

Figure 3.2 – Ratio of the soil N pools in the tree clump patch over the N pools in the open patch as a
function of grass (abscissa) and tree (ordinate) preference for NH+

4 in the open patch: (a) organic N
pool, (b) NH+

4 pool, (c) NO−
3 pool. The solid line represents the 1:1 ratio, i.e. where the N pools are

equal in both patches. These figures correspond to simulations with α = 0.25 and γ = 0.15.

3.3.3 N budget in the Lamto savanna

Figure 3.5 displays the N budget of the Lamto savanna for a proportion of tree roots in the open of

25% and a surface of 15% occupied by tree clumps at the savanna scale. We observe that NH+
4 stock

is slightly higher in the open (9.11 kg N ha−1) than in the tree clump patch (8.50 kg N ha−1) while

the NO−
3 stock is about 3 times higher in the tree clump (2.51 kg N ha−1) than in the open patch

(0.88 kg N ha−1). Organic N content is lower under tree clump than in the open patch. Moreover,

nitrification flux is much higher in the tree clump (5.31 kg N ha−1 yr−1) than in the open patch (0.70

kg N kg N ha−1 yr−1) but total N losses are more important in the open (7.21 kg N ha−1 yr−1) than in

the tree clump patch (1.84 kg N ha−1 yr−1).
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Figure 3.3 – Net horizontal N flux from the open to the tree clump patch as a function of grass (abscissa)
and tree (ordinate) preference for NH+

4 in the open patch according to different values of α and γ at
the savanna scale. The proportion of roots outside tree canopy (α) increases from the bottom to the
top, and the surface occupied by tree clumps (γ) increases from the left to the right (a: α = 0.5 and γ

= 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25 and γ = 0.15, d: α = 0.25 and γ = 0.3). Solid lines show N flux
contours for remarkable values.

To better investigate the effects of spatial heterogeneity on N budget, a case of spatial homogeneity

in nitrification rates was simulated (Appendix S6). When nitrification rate is as high in the open patch

as in the tree clump patch (n1 = n2 = 4.16 yr−1), nitrification flux in the open patch increases (23.97

kg N ha−1 yr−1) and is about 5 times higher than in the tree clump patch (5.30 kg N ha−1 yr−1). This

high nitrification flux in the open patch increases NO−
3 losses (19 times higher in the open patch)

and leads to total N losses higher in the open (21.13 kg N ha−1 yr−1 ) than in the tree clump patch

(1.83 kg N ha−1 yr−1). In the case of spatial heterogeneity, mineral N losses represent 3.0% of N

inputs (mineralization and depositions) in the open and 8.90% in the tree clump patch. In the case of

spatial homogeneity, mineral N losses represent 36.28% of these N inputs in the open and 7.85% in

the tree clump patch. In both cases, grass biomass is lower under tree clumps than in the open patch.

Regarding horizontal fluxes, mineral N uptake is still higher than tree root mortality and leads to a

positive net horizontal N flux to tree clumps higher in the case of spatial homogeneity (5.89 kg N ha−1

yr−1) than in the case of spatial heterogeneity in nitrification fluxes (4.89 kg N ha−1 yr−1). Horizontal

N fluxes respectively represent 35.58% and 38.08% of total N uptake by trees in the spatial heterogeneity

and homogeneity cases.
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Figure 3.4 – Tree biomass as a function of grass (abscissa) and tree (ordinate) preference for NH+
4 in the

open patch, according to different values of α and γ at savanna scale. The proportion of roots outside
tree canopy (α) increases from the bottom to the top, and the surface occupied by tree clumps (γ)
increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25 and γ = 0.15,
d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.
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Figure 3.5 – Estimate of the N stocks (kg N ha−1) and N fluxes (kg N ha−1 yr−1) at model equilibrium.
We fixed βG =0.75 and βT1 = 0.7.
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3.4 Discussion

Trees have the ability to access resources from deeper soil layers to limit competition with grasses

(Holdo, 2013; Walter, 1971). Our two-patch model suggests that horizontal soil exploration by tree

roots can also play an important role in resource acquisition and allows confirming our hypotheses

that: (i) the horizontal extension of tree roots creates an asymmetric N flux from the open to the tree

clump patch, which contributes to N enrichment under tree clumps and increases tree biomass; (ii)

although soil exploration by trees increases N acquisition and favors tree growth, increasing tree cover

can increase N losses due to nitrification stimulation under tree clump, thus reducing the quantity of

N available for tree growth; (iii) overall, a large part of the savanna N budget depends on horizontal N

fluxes (about 35% of the total N uptake by trees). In the following sections, we discuss in detail the

implications of soil exploration and spatial heterogeneity on source-sink dynamics, plant biomass and

the N budget of the Lamto savanna.

3.4.1 Impact of horizontal soil exploration on source-sink dynamics and

N enrichment

Our results show that the horizontal spread of tree roots beyond tree canopy projection induces spatial

transfers of N between the open and tree clump patches. In our results, N uptake by trees (inflow) is, in

most cases, higher than tree roots mortality (outflow) regardless of plant preference for NH+
4 versus

NO−
3 . This leads to an asymmetrical N flux between the two patches that increases soil fertility under

tree canopy and supports the idea that savanna trees can be considered as nutrient pumps (Scholes,

1990): they take up N from surrounding grassy areas and appear as a N sink. These N exchanges

between the open and tree clumps patches contribute to the N enrichment under tree canopy and

also confirm that savannas can be considered as small scale meta-ecosystems with source-sink N

dynamics (Gounand et al., 2018; Loreau et al., 2003). Increasing the proportion of tree roots in the

open increases the net horizontal N flux and consequently increases tree biomass (Figs 3.3 and 3.4).

This suggests that it is beneficial for trees to invest in horizontal root proliferation because they receive

more N from the open than they export through root mortality. Interestingly, savanna palm trees

extend horizontally their roots outside their canopy under tree clumps because of the higher nutrient

availability (Mordelet et al., 1996) suggesting that horizontal N fluxes are widespread in savannas. This

confirms results obtained in drier areas where trees tend to horizontally spread their roots (Schenk

and Jackson, 2002) to overcome the scarcity of resources and the concentration of nutrients mainly

located in the top soil layers (Sternberg et al., 2004). Some studies tend to explain the high soil fertility

under tree canopy by high plant litter depositions (Mordelet et al., 1993), atmospheric depositions

(Bernhard-Reversat, 1982; Kellman, 1979), animal dung (Belsky, 1994), termite mounds (Konaté et al.,

1999) and N symbiotic fixation (Kambatuku et al., 2013). However, no study has clearly assessed the

respective influence of these mechanisms on nutrient enrichment. New empirical studies are thus

needed and the model we propose can be viewed as a kind of null model that allows including other

mechanisms impacting N fluxes such as different mineralization rates in the open and under tree

clumps, or N fixation by trees.

The observed inhibition of nitrification by grasses and stimulation of nitrification by trees suggest

that grasses should prefer NH+
4 and trees should prefer NO−

3 . This is confirmed by an ongoing
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experiment on Hyparrhenia diplandra in the Lamto savanna (Barot personal communication).

Moreover, it has been found that the grass A. gayanus inhibits nitrification and has a clear preference

for NH+
4 (Rossiter-Rachor et al., 2009). Besides, Wang and Macko (2011) revealed that N uptake

preference varies depending on climatic conditions and that grasses may change their N preference

from NO−
3 in dry areas to NH+

4 in humid areas. These findings suggest that Lamto savanna grasses

prefer NH+
4 while a preference of trees for NO−

3 is expected, at least for the roots growing below their

canopy where nitrification is high (Srikanthasamy et al., 2018). However, in our model, N enrichment

is higher when trees have a preference for NH+
4 in the open (Fig. 3.2). Even if this high N enrichment

below tree clumps leads to values of tree biomass too high for the Lamto savanna (Fig. 3.4), this

suggests a preferential NH+
4 uptake of trees in the open and a particular root foraging strategy aiming

at exploiting the high NH+
4 availability outside tree clumps.

Consequently, our model also suggests that different parts of the tree root systems have contrasted

preferences for NH+
4 versus NO−

3 . This would be possible due to the complexity of mechanisms ex-

plaining this preference and the possibility of plasticity in this preference depending on environmental

and physiological conditions (Britto and Kronzucker, 2013). We studied a case without such plasticity

where trees have the same preference in the open as in tree clump patch (Appendix S5) and observed

qualitatively the same effects of soil exploration and tree cover on soil N pools and tree biomass.

However, quantitatively, the source-sink dynamics of the Lamto savanna seem to strongly depend on

the preference for NH+
4 versus NO−

3 , confirming that this preference has important consequences at

the ecosystem scale (Boudsocq et al., 2012).

3.4.2 Impact of the surface occupied by tree clumps on plant biomass

Tree biomass tends to decrease with tree cover. Indeed, increasing this cover increases NO−
3 availability

through nitrification stimulation. This causes important N losses as NO−
3 is more prone to leaching

than NH+
4 and can be lost by denitrification, which accordingly decreases the quantity of N available

for trees (Appendix S4) and tree biomass. Numerous studies demonstrated that changes from grass

and tree dominance to tree dominance lead to an increase of soil C and N contents (Blaser et al., 2014;

Zhou et al., 2018). Our results suggest that, at least in some savannas, woody encroachment induces

larger N losses and can lead savannas towards less conservative N cycling (Srikanthasamy et al., 2018).

However, changes in fire regimes following woody encroachment (Devine et al., 2017) results in less

intense fires, which are not taken into account in our model and could mitigate N losses through lower

rates of tree biomass and leaf litter burning.

Besides, our model suggests that increasing the surface occupied by tree clumps may reduce tree

biomass even when the amount of roots outside tree canopy increases (Fig. 3.4b). Increasing tree

dominance indeed reduces the surface occupied by the open area and therefore the tree access to this

NH+
4 rich area. Our model thus uncovers potential feedback mechanisms that would be influential

for tree-grass and savanna dynamics: increasing tree surface may increase N losses and decrease

tree access to N. Such feedbacks and their long term consequences for the future and stability of

savannas should be further studied by empirical studies and modeling. In particular, in our model,

we considered the proportion of tree roots in the open, the surface occupied by tree clumps and tree
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biomass as independent quantities while they are actually linked. For example, when the surface of

tree clumps increases, the proportion of tree roots outside tree canopy likely decreases for a fixed root

foraging strategy at the individual tree scale. Including such constraints in our model will be required

to better predict the impact of horizontal N fluxes on savanna dynamics and tree-grass coexistence.

Our predictions on tree-grass coexistence based on a non-spatial model (Konaré et al., 2019) should be

adjusted using new versions of our two patch model.

3.4.3 Effects of spatial heterogeneity on the N budget of the Lamto sa-

vanna

Our results confirm that the availability of mineral N in the Lamto savanna changes from a high NH+
4

availability in the open to a high NO−
3 availability under tree clumps, which is largely due to the control

of nitrification by plants. Nevertheless, we found that total N losses, at the savanna scale, are higher

in the open patch, which can be explained by the low tree cover used in our model. This low tree

cover (15%) acts on N dynamics by reducing the total N fluxes under tree clumps and by increasing

total N fluxes in the open. At the patch scale, N losses per unit area are higher under tree clumps

than in the open (Appendix S3) as NO−
3 stock is higher under tree clumps and is easily lost by leaching

(Srikanthasamy et al., 2018). The tree biomass found in our model in cases of N enrichment under

tree clumps is much high than biomass observed in the Lamto savanna (Abbadie et al., 2006). This

shows that the sink effect due to tree root foraging outside tree clump can be extremely strong and also

confirms that other mechanisms, not considered in our model, influence tree and clump dynamics.

Clearly, disturbances such as fires are critical to tree and clump dynamics in humid West African

savannas (Hochberg et al., 1994).

Considering high nitrification rates in both the open and tree clump patches increases NO−
3

availability in the open. This homogeneity causes larger N losses at the savanna scale than in the case

of an heterogeneous nitrification rate taking into account nitrification inhibition by grasses (Appendix

S6). As a result, spatial heterogeneity in N cycling, together with nitrification inhibition by grasses, is

likely to lead to a more conservative system than spatial homogeneity by decreasing N losses and largely

contributing to the balance of the N budget in the Lamto savanna and its primary production (Abbadie

et al., 2006; Boudsocq et al., 2009). Moreover, in both cases (heterogeneity versus homogeneity), the

horizontal extension of tree roots in the open strongly contributes to nutrient uptake by trees. This

confirms the importance of horizontal N fluxes on the N budget of the Lamto savanna but also the

influence of the heterogeneity in N cycling and the preference for NH+
4 versus NO−

3 on source-sink

dynamics.

3.5 Conclusion

Horizontal fluxes through soil exploration by tree roots constitute an important N source and

contribute to soil fertility under tree canopies. To our knowledge, this study is the first one to assess

the role of horizontal soil exploration by tree roots and to show its importance for N dynamics and

plant biomass in savannas. In contrast to perennial grasses for which the limitation of soil exploration

by roots improves their ability to control nutrient cycling (Abbadie et al., 1992; de Parseval et al., 2016),

our study shows that, at a larger scale, extending soil exploration in the open is beneficial for trees
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because it improves their N uptake.

Little is known about the occurrence of nitrification-inhibiting grasses and nitrification-stimulating

trees outside the Lamto savanna. However, we hypothesize that our findings would at least hold for all

humid West African savannas where vegetation is similar to the Lamto savanna and that share many

grass and tree species with this savanna. Our model can readily be used to assess the generality of our

results to other savannas where grasses and trees might have different influences on N cycling. Other

mechanisms such as N fixation by trees (that could turn tree clumps into N sources) and herbivory,

negligible in the Lamto savanna, but determinant for the functioning of other savannas (Sankaran

et al., 2005) should then be included in our model. Taken together, our work shows that the framework

of meta-ecosystems (Gounand et al., 2018; Loreau et al., 2003) can be usefully applied to savanna

dynamics as it has already been suggested for tropical forests (Menge and Levin, 2017). Finally, our

work will be relevant to analyze the influence of agroforestery practices in savannas on N cycling (Isaac

and Borden, 2019).
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3.6 Appendix

3.6.1 Appendix S1: Equations at the savanna scale

The two patch model at the savanna scale is represented by the following system of equation :

Open patch (patch 1)

dG1

d t
= (1−γ)(βGuGNA1G1+(1−βG)uGNN1G1−(dG+lG) G1) (3.10)

dO1

d t
= (1−γ)(iO+dGG1+dr (

γ

1−γ )αr T−(m+lO) O1) (3.11)

dNA1

d t
= (1−γ)(iNA+m O1−(βGuGG1+n1+lNA+βT1ur (

γ

1−γ )αr T) NA1) (3.12)

dNN1

d t
= (1−γ)(iNN+n1NA1−((1−βG)uGG1+lNN+(1−βT1)(

γ

1−γ )urαr T) NN1) (3.13)

Tree clump patch (patch 2):

dG2

d t
= γ(βGuGNA2G2+(1−βG)uGNN2G2−(dG+lG) G2) (3.14)

dT

d t
= γ((1−α)(βT2ur NA2r T+(1−βT2)ur NN2r T)+α(βT1ur NA1r T+

(1−βT1)ur NN1r T−(d1(1−r )+drαr +(1−α)dr r +lT) T)
(3.15)

dO2

d t
= γ(iO+dGG2+(1−α)dr r T+dl (1−r )T−(m+lO) O2) (3.16)

dNA2

d t
= γ(iNA+m O2−(βGuGG2+(1−α) βT2ur r T+n2+lNA) NA2) (3.17)

dNN2

d t
= γ(iNN+n2NA2−((1−βG)uGG2+lNN+(1−βT2)(1−α)ur r T) NN2) (3.18)
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3.6.2 Plant biomass at the savanna scale

Figure 3.6 – Grass biomass in the open patch as a function of grass (abscissa) and tree (ordinate)
preference for NH+

4 , according to different values of α and γ at the savanna scale. The proportion of
roots outside tree canopy (α) increases from the bottom to the top, and the surface occupied by tree
clumps (γ) increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25
and γ = 0.15, d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.
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Figure 3.7 – Grass biomass in the tree clump patch as a function of grass (abscissa) and tree (ordinate)
preference for NH+

4 , according to different values of α and γ at the savanna scale. The proportion of
roots outside tree canopy (α) increases from the bottom to the top, and the surface occupied by tree
clumps (γ) increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25
and γ = 0.15, d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.

3.6.3 Appendix S3: Nitrification flux and N losses at patch scale

We determine here the nitrification flux and total N losses (organic and mineral) at the patch scale

for a proportion of tree roots outside tree canopy (α) of 25% and a surface of 15% occupied by tree

clumps (γ). We observe that nitrification flux is higher under tree clumps than in the open patch,

which significantly impact N losses. N losses are higher in the tree clump patch than in the open patch.

The high nitrification flux under tree clumps increases N losses as NO−
3 is easily lost by leaching and by

denitrification. In the case where tree roots in the open patch and grasses have a high preference for

NO−
3 , nitrification flux and N losses in the open patch are very high.
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Figure 3.8 – Total biomass (tree and grass biomass) as a function of grass (abscissa) and tree (ordinate)
preference for NH+

4 , according to different values of α and γ at the savanna scale. The proportion of
roots outside tree canopy (α) increases from the bottom to the top, and the surface occupied by tree
clumps (γ) increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25
and γ = 0.15, d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.

3.6.4 Appendix S4: N losses at the savanna scale

In this appendix, we focus on the total N losses (organic and mineral) at the savanna scale depending

on α and γ. Figure 3.10 shows that at low values of α and γ (α = 0.25 and γ = 0.15), N losses in the open

patch are lower than 5 kg N/ha/yr when grasses have a preference for NO−
3 and 0.32 < βT1 < 0.65. N

losses are higher than 8 kg N ha−1 yr−1 when βG > 0.84 and for all values of βT1, and when trees in the

open patch and grasses have a strong preference for NO−
3 . N losses are between 5 kg N ha−1 yr−1 and 8

kg N ha−1 yr−1 for other combinations of βG and βT1. When α increases (α = 0.5 and γ = 0.15), the size

of the zone where N losses are lower than 5 kg N ha−1 yr−1 increases. When γ increases, the size of this

zone also increases, and the size of the zone where N losses are higher than 8 kg N ha−1 yr−1 decreases.

Regarding N losses in the tree clump patch (Fig. 3.11), N losses are below 5 kg N ha−1 yr−1
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Figure 3.9 – Nitrification flux and N losses at the patch scale as a function of grass (abscissa) and tree
(ordinate) preference for NH+

4 . These figures correspond to simulations with α = 0.25 and γ = 0.15.

regardless tree and grass preference for the two values of α (0.25 and 0.5). When γ increases, N losses

are higher than 5 kg N ha−1 yr−1 when tree preference for NH+
4 in the open patch is lower than grass

preference for NH+
4 . They are lower than 5 kg N ha−1 yr−1 for other combinations of βG and βT1. There

is a small zone where N losses are higher than 8 kg N ha−1 yr−1 when 0.8 < βG < 0.93 and 0 < βT1 < 0.05.

Taken together, total N losses decrease in the open while they increase in the tree clump patch with

increasing γ.
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Figure 3.10 – N losses in the open patch as a function of grass (abscissa) and tree (ordinate) preference
for NH+

4 according to different values of α and γ at the savanna scale. The proportion of roots outside
tree canopy (α) increases from the bottom to the top, and the surface occupied by tree clumps (γ)
increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25 and γ = 0.15,
d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.

3.6.5 Appendix S5: Scenario of non plasticity of tree roots

We performed simulations in the case where tree roots exhibit the same preference for NH+
4 versus

NO−
3 in the open and in the tree clumps patch by scanning different combinations of βG and βT with

an increment of 0.01. We found the same trends observed on N pools when tree roots have different

preference for NH+
4 versus NO−

3 (Fig. 3.12). The clump/open ratio of organic N is lower than 1 when

tree preference for NH+
4 is lower than grass preference for NH+

4 . However, when tree preference for

NH+
4 is higher than grass preference for NH+

4 , the clump/open organic N ratio is higher than 1. This

ratio increases and leads to a zone where soil organic matter in the tree clump patch is about 9 times

higher than in the open patch. The NH+
4 stock is always higher in the open patch than under tree

clump. Concerning the NO−
3 stock, the clump/open NO−

3 ratio is higher than 1 when tree preference

for NH+
4 is lower than grass preference for NH+

4 and the reverse when tree preference for NH+
4 is higher
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Figure 3.11 – N losses in the tree clump patch as a function of grass (abscissa) and tree (ordinate)
preference for NH+

4 according to different values of α and γ at the savanna scale. The proportion of
roots outside tree canopy (α) increases from the bottom to the top, and the surface occupied by tree
clumps (γ) increases from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25
and γ = 0.15, d: α = 0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.

than grass preference for NH+
4 . Fig. 3.13 shows that at low values of α and (α = 0.25 and γ = 0.15), tree

biomass is very high when tree preference for NH+
4 is higher than grass preference for NH+

4 (0 < βG <

0.6). The size of this zone increases with α while it decreases with γ. When grass preference for NH+
4 is

higher than tree preference for NH+
4 , tree biomass decreases to values lower than 100 kg N ha−1. This

appendix shows that N enrichment under tree clumps occurs when trees have a preference for NH+
4

in the open and under tree clumps. Our results also suggest that trees preferentially absorb NH+
4 in

the open. As explained in the main text, this could be realistic because of the high NH+
4 availability

in the open but a preference of trees for NH+
4 beneath tree clumps is not expected as trees stimulate

nitrification.
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Figure 3.12 – Ratio of the soil N pools in the tree clump patch over the N pools in the open patch as a
function of grass (abscissa) and tree (ordinate) preference for NH+

4 : (a) organic N pool, (b) NH+
4 pool,

(c) NO−
3 pool. The solid line represents the 1:1 ratio, i.e. where the N pools are equal in both patches.

These figures correspond to simulations of the scenario of non plasticity of trees (α = 0.25 and γ = 0.15).

3.6.6 Appendix S6: Homogeneity of nitrification fluxes

In the Lamto savanna, nitrification control by plants create a spatial heterogeneity in nitrification

fluxes. We study here a case where grasses do not inhibit nitrification to assess the possible influence

of this homogeneity in nitrification rates on N dynamics and tree biomass. To do so, we performed

simulations with the same nitrification rate in the open and tree clump patches (n1 = n2 = 4.16 yr−1).

We found that the clump/open ratio of organic N is still higher than 1 regardless tree preference for

NH+
4 in the open patch and grass preference for NH+

4 (Fig.3.14). The clump/open ratio of NH+
4 stock is

lower than 1 for 0 < βG < 0.5 and higher than 1 for βG > 0.5. Concerning the NO−
3 stock, the clump/open

NO3- ratio is still lower than 1 regardless tree preference for NH+
4 and grass preference for NH+

4 . These

results suggest that organic N content is always higher under tree clumps while NO−
3 content is always

higher in the open because the increase of nitrification flux. Regarding tree biomass (Fig. 3.15), it

increases with increasing α when γ = 0.15 but no difference is observed when γ = 0.3. In the same way,
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Figure 3.13 – Tree biomass as a function of grass (abscissa) and tree (ordinate) preference for NH+
4

according to different values of α and γ at the savanna scale. The proportion of roots outside tree
canopy (α) increases from the bottom to the top, and the surface occupied by tree clumps (γ) increases
from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25 and γ = 0.15, d: α =
0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.

tree biomass decreases with increasing γ only when α = 0.5.
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Figure 3.14 – Ratio of the soil N pools in the tree clump patch over the N pools in the open patch as a
function of grass (abscissa) and tree (ordinate) preference for NH+

4 : (a) organic N pool, (b) NH+
4 pool,

(c) NO−
3 pool. The solid line represents the 1:1 ratio, i.e. where the N pools are equal in both patches.

These figures correspond to simulations of spatial homogeneity in N cycling (α = 0.25 and γ = 0.15).
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Figure 3.15 – Tree biomass as a function of grass (abscissa) and tree (ordinate) preference for NH+
4

according to different values of α and γ at the savanna scale. The proportion of roots outside tree
canopy (α) increases from the bottom to the top, and the surface occupied by tree clumps (γ) increases
from the left to the right (a: α = 0.5 and γ = 0.15, b: α = 0.5 and γ = 0.3, c: α = 0.25 and γ = 0.15, d: α =
0.25 and γ = 0.3). Solid lines show N flux contours for remarkable values.
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Figure 3.16 – Estimate of the N stocks (kg N ha−1) and N fluxes (kg N ha−1 yr−1) at model equilibrium.
We fixed βG =0.75 and βT1 = 0.7.
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Abstract
1. In savanna ecosystems, the coexistence between trees and grasses is determined by complex

mechanisms based on resource partitioning and disturbances. In the Lamto savanna (Côte d’Ivoire),

nitrification inhibition by grasses and nitrification stimulation by trees create spatial heterogeneity of

nitrification fluxes. Besides, savanna trees can also extend a part of their roots in the surrounding open

area to take up N.

2. To investigate the role of spatial heterogeneity on tree-grass coexistence, we used a two-patch

model simulating N dynamics between an open patch (without trees) and a tree clump patch (trees

with grasses under their canopy). The open patch was characterized by a low nitrification rate while the

tree clump patch was characterized by a high nitrification rate. Both patches were connected through

horizontal fluxes due to the horizontal soil exploration by tree roots. We also tested predictions of

coexistence for different spatial tree distributions as they strongly influence savanna dynamics.

3. Our results show that spatial heterogeneity of nitrification induces a spatial partitioning between

NH+
4 and NO−

3 that promotes the coexistence between trees and grasses. As nitrification inhibition by

grasses leads to high NH+
4 availability in the open, tree-grass coexistence is observed when grasses

prefer NH+
4 and trees prefer NH+

4 in the open and NO−
3 under their canopy.

4. In contrast to random tree distribution, clustered tree distribution enhances coexistence.

Intraspecific aggregation enhances the effect of spatial heterogeneity, which decreases interspecific

competition and favors tree-grass coexistence. By contrast, increasing the surface explored by tree

roots in the open tends to increase the competition between trees and grasses. This enhances the

competitive ability of trees for N acquisition and consequently favors invasion by trees.

5. Compared to the mean-field model without spatial heterogeneity, this two-patch model predicts

different possible cases of coexistence leading to different landscape structures. This study shows that

this new mechanism based on mineral N partitioning into NH+
4 and NO−

3 can be determinant in the

functioning of the Lamto savanna and should at least hold for all West African humid savannas where

plants influence N cycling.

Keywords: ammonium, N partitioning, NH+
4 versus NO−

3 preference, nitrate, savanna, spatial

heterogeneity, tree-grass coexistence
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4.1 Introduction

Savanna vegetation is characterized by a continuous layer of grasses intermixed with a discontinuous

stratum of trees. The coexistence of these two contrasting plant types has long been debated and has

been attributed to two main theories, resource partitioning and disturbances (Sankaran et al., 2004).

In dry savannas, the scarcity of resources, and especially water, lead to niche partitioning as grasses are

more competitive than trees in the top layers of the soil while trees are able to explore the soil vertically

and take up water at greater depth (Schenk and Jackson, 2002). This niche differentiation through

different rooting depths can favor coexistence between trees and grasses (Walker and Noy-Meir,

1982; Walter, 1971). In contrast to dry savannas, wet savannas are not limited by water and could

turn into forests, but the presence of disturbances such as fire or herbivory reduces the density of

trees (Sankaran et al., 2005; Staver et al., 2011). Fire is the main disturbance limiting woody cover by

affecting the survival of tree seedlings and saplings (Gignoux et al., 2009). In the same way, herbivores

such as grazers and browsers can have negative effects on grass and tree growth and contribute to

regulate the tree-grass ratio (Sankaran et al., 2008; Van Langevelde et al., 2003). While some studies

tend to show that tree-grass coexistence can be explained by either resource partitioning (Walker and

Noy-Meir, 1982; Walter, 1971) or disturbances (Higgins et al., 2000; Jeltsch et al., 2000), other studies

suggest that both mechanisms are involved in tree-grass coexistence (Sankaran et al., 2004).

In the Lamto savanna in Côte d’Ivoire, the dominant grass species inhibit nitrification (Lata et al.,

2004; Srikanthasamy et al., 2018). This biological nitrification inhibition (BNI) occurs through the

release of grass root exudates impeding the activity of nitrifying microorganisms (Lata et al., 2004;

Srikanthasamy et al., 2018). Because ammonium (NH+
4 ) is less prone to leaching than nitrate (NO−

3 ),

keeping nitrogen (N) in the NH+
4 form decreases N losses by NO−

3 leaching and therefore maintains

a high productivity (Boudsocq et al., 2009). BNI capacity has been identified in other African grass

species Brachiaria spp., Sorghum bicolor (Lata et al., 2004; Subbarao et al., 2009). By contrast, the

dominant Lamto savanna tree species have been found to stimulate nitrification (Srikanthasamy et al.,

2018). The mechanism explaining this stimulation is not known but one hypothesis would be that

as for grasses, specific molecules from the tree root system directly impact microbial communities.

Another hypothesis is that the observed increase of soil organic matter and soil humidity below tree

canopy could also increase soil microorganisms activity and therefore mineralization and nitrification

processes (Mordelet et al., 1993).

Plant-soil feedbacks are important drivers for ecosystem functioning as they strongly influence

plant communities dynamics and ecosystem processes such as nutrient cycling (Bonanomi et al., 2008;

Van Der Heijden et al., 2008). In nutrient-limited ecosystems such as savannas, plant-soil feedbacks on

N cycling can locally impact N availability (Knops et al., 2002) by creating a spatial heterogeneity in soil

resources, and thereby influencing primary productivity. Lamto savanna grasses and trees respond

differently to the N limitation by favoring their preferred N form through nitrification inhibition and

stimulation (Lata et al., 2004; Srikanthasamy et al., 2018). These strategies could induce a resource

partitioning, if grasses preferentially absorb NH+
4 and trees NO−

3 promoting tree-grass coexistence in

the Lamto savanna ((Boudsocq et al., 2012; Konaré et al., 2019). Indeed, such heterogeneity can reduce

niche overlap as plants differ in their resource use, which likely decreases interspecific interactions and
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promotes coexistence of different species even on a single limiting resource (Adler et al., 2013; Barot

and Gignoux, 2004; Brandt et al., 2013; Chesson, 2000; Huston and DeAngelis, 1994). Although the two

resources we consider are not independent as in some models (Chesson, 2000; Huston and DeAngelis,

1994), they are linked as one is produced from the other by microorganisms, with a possible control

by plants. Furthermore, Lamto savanna plants seem to prefer one or the other of these resources

depending on the control they have on them. This yields a much more complex picture, which requires

a spatially structured model to understand the consequences of plant-soil feedbacks on coexistence.

Although plant preferences strongly vary depending on physiological and environmental

conditions (Britto and Kronzucker, 2013), some studies showed that plants can differ in their

preference for chemical N forms use (organic and mineral N), which can subsequently facilitate their

coexistence (Ashton et al., 2010; McKane et al., 2002). Moreover, the plasticity in resource use can

induce different preferences within a species depending on the N form available.

Many studies highlighted the relevance of spatial patterns in ecological dynamics (Dieckmann

et al., 2000; Tilman and Kareiva, 1997). For example, intraspecific aggregation alters the strength of

intra and inter specific competition so that individuals are likely to interact more with conspecifics

(Pacala, 1997; Stoll and Prati, 2001)). This can reduce the intensity of interspecific competition

and consequently slow down competitive exclusion (Armstrong and McGehee, 1980). Spatial tree

distribution is known to play an important role in savanna dynamics and is strongly affected by

disturbances (Menaut et al., 1990). In addition, tree clumps are generally considered as nutrient-rich

patches and this higher soil fertility under tree canopy is partly due to the horizontal soil exploration

by tree roots in the open (Belsky, 1994) as it improves nutrient transfers between the open and tree

clumps (Chapter 3). However, these horizontal fluxes can reduce the heterogeneity in nitrification and

lead to a homogenization of NH+
4 and NO−

3 availability between these two patches (Barot et al., 2015,

2014). While spatial heterogeneity tends to foster niche partitioning (Amarasekare, 2003), horizontal

fluxes can minimize the impact of this heterogeneity (Barot et al., 2015, 2014) and could thus be

influential for predictions of tree-grass coexistence.

Compared to Chapter 3 where the study was focused on the effects of spatial heterogeneity on

N fluxes and N budget, here the goal is to understand the role of spatial heterogeneity on tree-grass

coexistence. To study the importance of spatial heterogeneity, we used a modified version of the

two-patch model (Chapter 4) considering a patch of open area characterized by a low nitrification rate

and a tree clump patch characterized by a high nitrification rate. These two patches are linked through

horizontal fluxes due to horizontal soil exploration by tree roots. This model is a spatially explicit

extension of a previously published mean-field model (Konaré et al., 2019). Using this model, we tested

the following hypotheses: (i) Compared to the mean-field model (Konaré et al., 2019), taking into

account the existence of distinct N pools below tree clumps and outside tree clumps fosters coexistence.

(ii) Spatial heterogeneity increases the likelihood of tree-grass coexistence with grasses preferring NH+
4

and trees preferring NO−
3 under tree canopy and NH+

4 in the open. Indeed, this spatial heterogeneity

leads to a spatial niche partitioning that reduces exclusion and favors coexistence. (iii) Because the

horizontal soil exploration of tree roots in the open should allow trees to benefit from the high NH+
4

availability under grasses while trees prefer NO−
3 under their canopy, coexistence is more expected
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when trees have different preference under their canopy and in the open. (iv) Tree-grass coexistence

depends on spatial tree distributions and is facilitated when trees are clumped. More specifically, tree

clumping reduces soil exploration by tree roots in the open and thus reduces competition between

trees and grasses in the open. (v) Increasing the surface explored by tree roots in the open increases

horizontal fluxes between the open and the tree clump patches, which increases the competition

between trees and grasses for N and consequently reduces the chances of tree-grass coexistence.

4.2 Two patch model

4.2.1 Model description

The two patch model is derived from a published mean-field model (Konaré et al., 2019) and builds

on our previous work (Chapter 3). The open patch is occupied by grasses and some tree roots, while

the tree clump patch is occupied by grasses and trees. This leads to a grass compartment (G1) in the

open and a grass (G2) and a tree (T) compartments in the tree clump patch. The model also tracks soil

organic matter (O) and mineral N (NA and NN) compartments in both patches (see Fig. 3.1, Chapter 3).

Both patches are interconnected through horizontal fluxes due to the horizontal soil exploration by

tree roots in the open patch. All compartments are N stocks expressed as a quantity of N by surface

unit of patch, i.e, kilograms of N per hectare of the open patch and kilograms of N per hectare of the

tree clump patch (kg N ha−1). All parameters but nitrification rates are equal between the two patches

to keep the model relatively simple and focus on the effects of nitrification heterogeneity through

nitrification inhibition by grasses causing a low nitrification in the open and nitrification stimulation

by trees leading to a high nitrification under tree clumps.

In the model, N is supposed to be the limiting factor of primary production and grass and tree

growth depend on the acquisition of mineral N forms, that can be acquired under two forms (NH+
4

and NO−
3 ) with a certain preference (β) for NH+

4 versus NO−
3 . This preference ranges between 0 and 1

with high values of β corresponding to a high preference for NH+
4 . N uptake by plants is considered as

donor (mineral N)-recipient (plants) functions: it increases with both nutrient availability and plant

biomass. N is absorbed by plants through N uptake rates β u for NH+
4 uptake and (1-β) u for NO−

3

uptake. Plants release N into organic N pool at constant mortality rates dG, dl and dr respectively for

grasses, tree leaves and tree roots. Organic N is mineralized into NH+
4 at rate (m) and NH+

4 can be

transformed into NO−
3 at rate (n).

In our model, savanna tree roots tend to proliferate horizontally outside their canopy projection

(α) favoring horizontal fluxes between the open and the tree clump patch. These horizontal fluxes

constitute an important part of the total N uptake by trees (Chapter 3). The N uptake also depends on

the proportion of the surface occupied by tree clumps (γ) and by the open (1-γ). Each patch receives

fixed N inputs through dry and wet depositions that provide N under organic and mineral forms into

the O, NA and NN compartments at rates iO, iNA, iNN. Non-symbiotic fixation contributes to the input

of NH+
4 and is included in iNA (Abbadie, 2006). N losses from savannas result from the burning of

the plant compartments (lG and lT), and leaching for other compartments (lO, lNA and lNN). NO−
3

losses by denitrification are included in lNN. In order to obtain N dynamics at the savanna scale, all
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equations are multiplied by (1-γ) in the open and γ in the tree clump patch (see Chapter 4). This leads

to this system of differential equations:

Open patch (patch 1)

dG1

d t
= (1−γ)(βGuGNA1G1+(1−βG)uGNN1G1−(dG+lG) G1) (4.1)

dO1

d t
= (1−γ)(iO+dGG1+dr (

γ

1−γ )αr T−(m+lO) O1) (4.2)

dNA1

d t
= (1−γ)(iNA+m O1−(βGuGG1+n1+lNA+βT1ur (

γ

1−γ )αr T) NA1) (4.3)

dNN1

d t
= (1−γ)(iNN+n1NA1−((1−βG)uGG1+lNN+(1−βT1)(

γ

1−γ )urαr T) NN1) (4.4)

Tree clump patch (patch 2):

dG2

d t
= γ(βGuGNA2G2+(1−βG)uG NN2G2−(dG+lG) G2) (4.5)

dT

d t
= γ((1−α)(βT2ur NA2r T+(1−βT2)ur NN2r T)+α(βT1ur NA1r T+

(1−βT1)ur NN1r T−(dl (1−r )+drαr +(1−α)dr r +lT) T)
(4.6)

dO2

d t
= γ(iO+dGG2+(1−α)dr r T+dl (1−r )T−(m+lO) O2) (4.7)

dNA2

d t
= γ(iNA+m O2−(βGuGG2+(1−α) βT2ur r T+n2+lNA) NA2) (4.8)

dNN2

d t
= γ(iNN+n2NA2−((1−βG)uGG2+lNN+(1−βT2)(1−α)ur r T) NN2) (4.9)

4.2.2 Links between α, γ and T

To describe the spatial setting of our model, we considered the proportion α of tree roots in the open

and γ as the proportion of the savanna surface covered by tree clumps. Compared to Chapter 3 where

α and γ had fixed values, in this version of the model, α is a function of γ and γ is a function of tree

biomass (T). We assume that α depends on the proportion of tree cover and the spatial patterns of

trees: for a given canopy and root system radius, α should decrease with γ. However, this relation

should also depend on the tree distribution with lower values of α when trees are clumped and high

values of α when they are randomly or regularly distributed. Although tree distribution can vary in

different savanna ecosystems, it is often clustered (Barot et al., 1999; Gignoux et al., 2006). Similarly,

there should be a positive relationship between γ and tree biomass (T). The way these relations are
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parameterized is described below in the parameterization section.

The shape of the relation between α and γ, and between γ and T was studied by simulations. To do

so, we simulated different distributions of trees, assuming that trees are represented as superimposed

discs describing the canopy and the root system. Tree roots can extend more than 20 m away from

tree clump center (Abbadie et al., 2006). In our simulations, canopy radius was set to 2 m and root

system radius to 6 m. The relation between α and γ was obtained by calculating the proportion of

root system that did not fall under the canopy of other trees, for a random, clustered and regular tree

distribution. A Poisson process varying from 1 to 100 by step of 10 and from 100 to 2000 trees ha−1

by step of 100 was used to simulate random patterns. In contrast to simulate clumped patterns, we

used a Matérn cluster process (Matérn, 1960) with a density of tree clumps that varied from 1 to 100 by

step of 10 and from 100 to 1000 trees ha−1 by step of 100 with a mean clump radius of 2 m and a mean

number of trees per clump of 10. Finally, regular patterns were modeled using a Matérn hard-core

process (Matérn, 1960, 1986) with an inhibition distance of 2 m and the same densities as for random

patterns. To determine the relation between α and γ, and γ between and T, we calculated the quantity

of tree roots outside tree canopy at the individual scale and the mean of all individual values to obtain

α for a given tree density. We then calculated γ for each tree density by determining the total space

occupied by trees. Linear regression models were then used to determine the relation between α and γ

and between γ and tree biomass (T). Model equations and parameters were included in the two-patch

model to link α, γ and T. We also tested the sensibility of results to the root radius by increasing this

radius from 6 to 12 m to assess the relationship between α and γ.

4.2.3 Model analysis and parameterization

The model relied on numerical simulations as it could not be analytically solved. All simulations were

coded in R (R Core Team, 2019) using deSolve package for the resolution of differential equations

(Soetaert et al., 2010). All simulations were run for 3000 years, which was sufficient to reach steady

states for all compartments.

We used the same parameter sets as in Chapter 3 but run a completely different simulation

experiment. These parameters are based on data from the Lamto savanna in Côte d’Ivoire (06◦13’N,

05◦02’W) (Abbadie et al., 2006) (Appendix 1). Lamto savanna vegetation is composed of perennial

grasses, small tree clumps and tall palm trees. Trees are generally aggregated (Gignoux et al., 2006).

Tree-grass coexistence was determined using the mutual invasibility criterion (Chesson and Ellner,

1989). This criterion considers a pair of invader and resident species (for example grasses as the

invading species with a negligible biomass of 0.01 kg N ha−1 compared to trees as the resident species

with a high biomass of 10 kg N ha−1, and then the reverse situation with grasses at high biomass and

trees at negligible biomass). When the two species are able to invade each other, they are assumed to

mutually coexist over the long term (Chesson and Ellner, 1989). We first simulated mutual invasion

between trees and grasses for different combinations of tree and grass preference (preference for NH+
4

versus NO−
3 by trees was the same in the open and under tree canopy) versus different combinations of

grass and tree preferences in the open. Moreover, the proportion of tree roots in the open does not
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depend only on tree density or biomass, but also on the spatial distribution of individual trees. We thus

tested the effects of tree distributions in space on tree-grass coexistence by comparing simulations

for a random versus clustered tree distribution. Spatial heterogeneity was included in the model by

considering a low nitrification rate in the open patch (n1) and a high nitrification rate under trees

(n2). Those rates were calculated by dividing nitrification fluxes under grasses and under trees by their

respective ammonium stocks (Srikanthasamy et al., 2018). We then increased the nitrification rate in

the open to compare a spatial homogeneity to a spatial heterogeneous nitrification rate to test the

importance of heterogeneity in nitrification flux on tree-grass coexistence. Although existing data do

not allow to estimate the preference of plants for NH+
4 versus NO−

3 , nitrification stimulation under tree

clumps suggests a preference of trees for NO−
3 for tree roots inside tree clump patch. On the contrary,

if trees extend their roots outside their canopy projection to take up N, these roots should have a

preference for NH+
4 because NH+

4 should the dominant N form in the open. We therefore decided

to distinguish the preference of trees for NH+
4 versus NO−

3 in the open patch (βT1) and under tree

clumps (βT2) and to fix tree preference under tree clumps (βT2 = 0.25). All N stocks and N fluxes were

determined according to different combinations of plant preference for NH+
4 versus NO−

3 (βG and βT1)

with an increment of 0.005.

4.3 Results

4.3.1 Links between soil exploration by tree roots and tree cover and be-

tween tree biomass and tree cover

A negative linear relation is observed between α and γ regardless tree distributions (p-value < 0.0001

and R2 = 0.998 for random; p-value < 0.0001 and R2 = 0.997 for cluster; p-value < 0.0001 and R2 = 0.999

for regular tree pattern) (Fig. 4.1A). As expected in the case of clustered trees, the relation yields lower

α values compared to random. This leads to the following regression lines: α = -0.897γ + 0.889, α =

-0.882γ + 0.892 and α = -0.692γ + 0.686 respectively for random, regular and clustered tree patterns. We

observe a significant difference between cluster and random or regular patterns but the difference

between random and regular patterns was not significant. Fig. 4.1B shows that α significantly increases

with tree biomass (p-value < 0.005, R2 = 0.962), which leads to this equation T = 530.56γ - 2.81. Despite

the potential non linearity between γ and T, we chose to use a linear relationship in our model for

simplicity.

4.3.2 Tree-grass coexistence is affected by the difference between tree

preference for NH+
4 in the open and under tree canopy

Model simulation leads to three cases of coexistence: (1) a coexistence where trees and grasses are

spatially separated (no grasses under trees, only in the open hereafter called tree-grass mosaic), (2)

a coexistence where grasses can only grow in tree clumps (no open area) hereafter called savanna

woodland, and (3) a coexistence where grasses grow both under tree canopy and in the open (hereafter

savanna). When tree preference is the same in the open and under tree canopy (Fig. 4.2), grasses

successfully invade and exclude trees if grasses prefer NH+
4 and trees prefer NO−

3 . Tree-grass mosaic

occurs when grasses have a higher preference for NH+
4 than trees. By contrast, when tree preference
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Figure 4.1 – (A) Proportion of tree roots in the open (α) as a function of tree cover (γ) according to
cluster, random and regular tree distribution, (B) Tree biomass as a function of tree cover (γ) for a root
radius equals to 6 m.

for NH+
4 is higher than grasses, trees completely invade and exclude grasses. We also observe a small

portion of the parameter space where tree clumps establish when grasses prefer NO−
3 and trees

strongly prefer NH+
4 (βT1 > 0.98). Savanna tree-grass coexistence is possible when grasses have a high

preference for NH+
4 and trees prefer NO−

3 . When tree preference is the same in the open and under

tree canopy, this reduces possibilities of complete coexistence between trees and grasses but favors

tree-grass mosaic.

If trees have different preferences in the open versus under tree canopy, the sizes of the zone of

savanna woodland and savanna strongly increases while the zone of tree-grass mosaic decreases.

Savanna is favored for a large range of tree preference in the open (βT1) and a grass preference for

NH+
4 . Tree clumps establishment becomes possible when grasses and trees in the open prefer NH+

4 .

Taken together, different tree preference in the open and under tree canopy increase possibilities of

coexistence between trees and grasses.

4.3.3 Tree-grass coexistence depends on tree spatial distributions

Tree distribution strongly influences the conditions of coexistence between trees and grasses (Fig. 4.3).

For random tree distributions, grasses invade and exclude trees when grasses have a higher preference

for NH+
4 than trees in the open. However, when tree roots in the open have a higher preference for

NH+
4 than grasses, trees successfully invade and exclude grasses. The model also predicts a zone in

which savanna establishes when βG > 0.7 and 0.4 < βT1 < 0.73, a zone where tree clumps invade when

grasses and trees in the open prefer NH+
4 and a small zone of tree-grass mosaic.

Compared to a random distribution of trees, clustered pattern strongly increases the size of the

zones of savanna and tree-grass mosaic. Tree-grass mosaic is enhanced when the grass preference

for NH+
4 is higher than the tree preference for NH+

4 in the open (βT1). Savanna zone extends to large

range of βT1 values and a preference of grasses for NH+
4 . Switching from random to clustered tree
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Figure 4.2 – Mutual invasibility plots between trees and grasses according to grass (βG) and tree
(βT) preference for NH+

4 (left), and grass (βG) and tree (βT1) preference for NH+
4 in the open patch

(right) at the savanna scale. Simulations correspond to clustered tree distributions. Invasion zones:
G1+G2: grasses invade and exclude trees, T: Trees invade and exclude grasses, G1+T: tree-grass mosaic
(coexistence between trees and grasses in the open), G2+T: savanna woodland (coexistence between
trees and grasses under their canopy), G1+G2+T: savanna (coexistence between trees and grasses
under their canopy and in the open).

distribution also reduces the size of the zone of invasion by grasses or by trees or by savanna woodland.

Figure 4.3 – Mutual invasibility plots between trees and grasses according to random (left) and clustered
(right) tree distributions at the savanna scale. Invasion zones: G1+G2: grasses invade and exclude trees,
T: Trees invade and exclude grasses, G1+T: tree-grass mosaic (coexistence between trees and grasses
in the open), G2+T: savanna woodland (coexistence between trees and grasses under their canopy),
G1+G2+T: savanna (coexistence between trees and grasses under their canopy and in the open).

4.3.4 Impact of spatial heterogeneity in nitrification on tree-grass coexis-

tence

Spatial heterogeneity of nitrification due to its control by plants alters conditions of coexistence

between trees and grasses. We compared a case of spatial homogeneity where grasses do not inhibit
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nitrification (Fig. 4.4) to a case of spatial heterogeneity (Fig. 4.3). For a random tree distribution,

increasing nitrification rate in the open promotes invasion by trees with grasses under their canopy

(βG > 0.7 and βT1 > 0.35) or by trees only (βG < 0.7 and for all combinations of βT1). Compared to cases

of spatial heterogeneity (Fig. 4.4), we observed a reduced zone of tree-grass mosaic for 0.4 < βG < 0.62

and βT1 < 0.13 and a reduced zone of savanna when grasses prefer NH+
4 (βG > 0.62) and trees prefer

NO−
3 in the open (βT1 > 0.28). For a clustered tree distribution, the overall pattern is virtually the same

but a second zone of tree-grass mosaic appears when grasses and trees in the open strongly prefer

respectively NO−
3 (βG < 0.2) and NH+

4 (βT1 > 0.95). Increasing nitrification rate reduces total coexistence

between trees and grasses and facilitates zones with only trees or trees with grasses under their canopy.

This shows that different nitrification rates in the open and in the tree clump patch improve chances

of tree-grass coexistence.

Figure 4.4 – Mutual invasibility plots between trees and grasses according to random (left) and clustered
(right) tree distributions at the savanna scale. These figures correspond to cases where grasses do not
inhibit nitrification (spatial homogeneity: n1 = n2 = 4.16 yr−1). Invasion zones: G1+G2: grasses invade
and exclude trees, T: Trees invade and exclude grasses, G1+T: tree-grass mosaic (coexistence between
trees and grasses in the open), G2+T: savanna woodland (coexistence between trees and grasses under
their canopy), G1+G2+T: savanna (coexistence between trees and grasses under their canopy and in
the open).

4.3.5 Soil exploration by tree roots affects tree-grass coexistence

Figure 4.5 displays the outcome of mutual invasion between trees and grasses when the tree root

system radius is increased from 6 m to 12 m. As described above, savanna in random distribution cases

is possible for βG > 0.7 and 0.4 < βT1 < 0.73 and the size of this zone increases and extends to more

combinations of βT1 when we switch from a random to a clustered tree distribution (root radius = 6

m, Fig. 4.5). We observe the same tendencies when the root radius is increased to 12 m (Appendix 3).

Overall, clustered distributions tend to increase the size of the savanna zone. However, increasing the

surface explored by tree roots reduces the sizes of the zone of tree-grass coexistence in cases of both

random and clustered distributions. This is more perceptible for clustered patterns for which the size

of the savanna and tree-grass mosaic zones largely decreases while the zone of invasion by grasses

increases.
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Figure 4.5 – Mutual invasibility plots between trees and grasses according to random (left) and clus-
tered (right) tree distributions at the savanna scale. The first (second) row of graphs corresponds to
simulations of tree distributions with a root system radius of 6 (12) m when determining the relation
between and . Invasion zones: G1+G2: grasses invade and exclude trees, T: Trees invade and exclude
grasses, G1+T: tree-grass mosaic (coexistence between trees and grasses in the open), G2+T: savanna
woodland (coexistence between trees and grasses under their canopy), G1+G2+T: savanna (coexistence
between trees and grasses under their canopy and in the open).

4.4 Discussion

In our model, tree-grass coexistence occurs when plants have contrasted preferences for NH+
4 versus

NO−
3 . This is in agreement with theories showing that the coexistence of different species is possible

when they differ in their use of resources (Armstrong and McGehee, 1980). This is also in agreement

with published work on competition for NH+
4 and NO−

3 (Boudsocq et al., 2012; Konaré et al., 2019).

These results are also supported by empirical studies on N partitioning indicating that plant having

different preferences for different chemical N forms can coexist (Ashton et al., 2010; McKane et al.,

2002; Miller and Bowman, 2002). In our case, NH+
4 and NO−

3 initially represent a single resource that

is N, and the two resources are linked by nitrifcation, i.e., one of the resources is produced from the

other, something yet unexplored. Despite this dependency, mineral N partitioning into two forms can

contribute to the coexistence of two species. NH+
4 and NO−

3 partitioning reduces niche overlap and

hence reduces interspecific competition and competitive exclusion(Barot and Gignoux, 2004; Chesson,

2000; Hardin, 1960) : mineral N partitioning appears as a stabilizing mechanism (Barot and Gignoux,

2004; Chesson, 2000) fostering coexistence between trees and grasses.
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4.4.1 Comparison between the one-patch and the two-patch model

Compared to the mean-field model (Konaré et al., 2019), the two-patch model allows simulating

distinct pools of mineral N available below tree clumps and in the open. Although the sizes of the

zone of savanna in the two-patch model (cluster distribution, Fig. 4.3) and in the mean-field model

(Fig. 2A, Konaré et al. (2019)) are not significantly different, the two-patch model predicts different

possible cases of coexistence possibly describing different landscape structures. Indeed, the mean-

field model only allows one possible case of tree-grass coexistence while the two-patch model favors

savanna woodland (trees and grasses under their canopy), tree-grass mosaic (trees and grasses in

the open) and savanna (trees and grasses of the open and under tree canopy) zones. These results

are in accordance with theories showing that coexistence in a spatially heterogeneous environment

is facilitated (Amarasekare, 2003; Chesson, 2000) even with a single resource. Such heterogeneity

spatially separates the mineral N resource so that this resource is no longer fully shared between the

competitors. This increases the number of degrees of freedom of the system and explains that the

two-patch model leads to more diverse scenarios of coexistence than the one-patch model.

4.4.2 Heterogeneity in nitrification influences tree-grass coexistence in

the Lamto savanna

Studies on resource-based mechanisms of tree-grass coexistence in savannas have focused on water

competition (Walker and Noy-Meir, 1982; Walter, 1971). But little is known about other resources

that are essential for plant growth, such as N (Donzelli et al., 2013). In the Lamto savanna, plants

have developed strategies to inhibit (grasses) or stimulate (trees) nitrification, which locally creates

NH+
4 rich patches in the open and NO−

3 rich patches under trees suggesting a grass preference for

NH+
4 and tree preference for NO−

3 (Lata et al., 2004; Srikanthasamy et al., 2018). In our model, when

trees have the same preference in the open and under tree canopy, savannas occur when grasses

have a high preference for NH+
4 and trees a high preference for NO−

3 . This confirms that tree-grass

coexistence is possible when grasses prefer NH+
4 and trees prefer NO−

3 at least under tree canopy.

Wang and Macko (2011) studied the preference of grasses depending on climatic conditions and

found that grasses tend to prefer NH+
4 in humid areas. Moreover, ongoing studies on Hyparrhenia

diplandra in the Lamto savanna (Barot, personal communication) as well as a study on Andropogon

gayanus (Rossiter-Rachor et al., 2009) suggest that these two species that inhibit nitrification, have a

preference for NH+
4 . The spatial heterogeneity in nitrification favors the availability of two forms of

mineral N exploitable by plants, NH+
4 and NO−

3 in two different patches: NH+
4 availability is higher

in the open while NO−
3 availability is higher under tree clumps. Unlike the mean-field model where

trees and grasses coexist when grasses prefer NO−
3 and trees prefer NH+

4 (Konaré et al., 2019), in

the two-patch model tree-grass coexistence becomes possible when grasses prefer NH+
4 and trees

prefer NO−
3 . This is more in accordance with the Lamto savanna case as grasses are know to inhibit

nitrification while trees stimulate it (Lata et al., 2004; Srikanthasamy et al., 2018). The N limitation

in the Lamto savanna (Abbadie et al., 2006) have induced the evolution of different strategies: a

conservative strategy for grasses through BNI capacity and an acquisitive strategy for trees through

nitrification stimulation (Barot et al., 2014). However, the high availability of NH+
4 under grasses

in the open suggests a preferential uptake of NH+
4 for tree roots growing outside tree canopy. This

horizontal soil exploration by tree roots can be viewed as a strategy developed in response to the

130



Chapter 4 – Effects of spatial heterogeneity on tree-grass coexistence

high NH+
4 availability (Maire et al., 2009). Results of Chapter 3 have shown that a high NH+

4 uptake

by tree roots outside tree canopy (35.58% of total N uptake by trees) increased tree biomass. Our

results confirm this scenario because when trees have different preference in the open and under tree

canopy, the zone of savanna is much larger and coexistence becomes possible if trees prefer NH+
4 in

the open and NO−
3 under their canopy. Besides, simulations testing different values of tree preference

for NH+
4 versus NO−

3 under their canopy (βT2) showed that increasing this tree preference for NH+
4

reduces the establishment of savanna zones but promotes tree-grass mosaic (Appendix 4). These

results suggest that plasticity of tree root systems in their preferences for NH+
4 versus NO−

3 should occur

depending on the spatial distribution of NH+
4 and NO−

3 (Britto and Kronzucker, 2013). In both cases

(same versus different tree preferences), our results show that local interactions between species and

their environment can locally induce a spatial heterogeneity leading to niche partitioning and thus

promote their coexistence (Amarasekare, 2003; Huston and DeAngelis, 1994). These different impacts

of trees and grasses on nitrification create small-scale heterogeneities by increasing the availability

of their preferred N form, which induces niche complementarity for N acquisition. In comparison,

increasing nitrification rate in the open reduces coexistence and favors the establishment of zones with

only trees and savanna woodland. Indeed, increasing this rate reduces heterogeneity in nitrification

which increases niche overlap (Amarasekare, 2003; Chesson, 2000) and increases the competitive

ability of trees for N. Taken together, these feedbacks based on N recycling tend to stabilize the open

and tree clump patches and to favor tree-grass coexistence at a larger scale. Besides, the preference for

NH+
4 versus NO−

3 qualitatively influences the Lamto savanna dynamics, suggesting that this preference

can have important consequences at the ecosystem scale (Boudsocq et al., 2012) and quantitatively on

plant biomass (Appendix 2).

4.4.3 Tree spatial distribution impacts coexistence

Many modeling studies demonstrated that species coexistence can be facilitated by intraspecific clus-

tered distributions (Hartley and Shorrocks, 2002; Inouye, 1999). Our results confirm that coexistence is

easier when trees are clumped than when they are randomly distributed. In a random tree distribution,

grass and tree roots growing outside tree canopy easily overlap in the open. This increases competitive

interactions between trees and grasses for N acquisition in the open through lateral N exchanges

following the horizontal soil exploration by tree roots. The strong competition between trees and

grasses in the open prevents the establishment of tree-grass mosaic and savanna zones whereas it

facilitates invasions by grasses or by trees depending on their preferences for NH+
4 versus NO−

3 . By

contrast, tree clumping limits the proportion of tree roots in the open as they are surrounded by more

conspecifics (tree roots tend to be more under the canopy of neighbouring trees). This decreases

transfers of N between the open and the tree clump patch through horizontal fluxes and highlights

the impact of spatialization: intraspecific aggregation tends to foster intraspecific competition over

interspecific competition. Some studies found that intraspecific aggregation is influential for species

coexistence as it impacts the performance of weaker competitors (Monzeglio and Stoll, 2005; Stoll and

Prati, 2001). Taken together, tree spatial patterns influence the outcomes of competition by impacting

the strength of intra relative to interspecific competition (Stoll and Prati, 2001). Besides, in some

savannas (Couteron and Kokou, 1997; Skarpe, 1991) and particularly in the Lamto savanna (Barot et al.,

1999; Gignoux et al., 2006), trees often show an aggregated spatial distribution. They form clumps
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leaving an important proportion of the surface covered by grasses. Tree clumps are maintained by

fires: reduced grass biomass under tree shading decreases fire intensity and hence increases tree

sapling survival (Gignoux et al., 2006; Hochberg et al., 1994). This mechanism somehow increases

the likelihood of tree-grass coexistence by impeding fires (promoted by grass biomass) to kill all tree

saplings. Our results suggest that the fact that trees are clumped may favor tree-grass coexistence and

savanna maintenance through an original mechanism: a decrease in the competition for mineral N.

4.4.4 The impact of horizontal soil exploration on coexistence

Horizontal soil exploration contributes to nutrient enrichment under tree canopy but little is known

about their possible effects on coexistence. Our results show that regardless tree distribution, savanna

and tree-grass mosaic zones are reduced by the increase of the surface explored by tree roots. Indeed,

horizontal soil exploration by tree roots leads to spatial transfers of N between the open and the

tree clump patches. Increasing the proportion of tree roots in the open increases the competitive

ability of trees to take up N and thus the competition between trees and grasses for N in the open.

Although, cluster distribution allows a spatial partitioning by increasing intraspecific competition,

this proliferation of tree roots in the open increases the strength of interspecific competition relative

to intraspecific competition (Stoll and Prati, 2001) and consequently prevent grass establishment.

These lateral fluxes between these two patches lowers the spatial heterogeneity by homogenizing the

N availability between these two patches (Barot et al., 2015, 2014), which tends to reduce complete

coexistence and favors the zones of exclusion by trees and by grasses. Moreover, when the size of the

tree root system relative to the canopy increases, the relation between the proportion of tree roots in

the open and tree cover is virtually the same (Appendix 3). As a result, increasing the surface explored

by tree roots decreases the differences between random and clustered tree distribution.

4.5 Conclusion

Spatial heterogeneity in nitrification leads to NH+
4 and NO−

3 partitioning, which promotes the coexis-

tence between trees and grasses. Our model shows that mineral N partitioning can play an important

role by influencing competitive interactions between savanna trees and grasses and therefore by

impacting their dynamics. Although the capacity to inhibit nitrification seems to be common in

African perennial grasses (Lata et al., 2004; Rossiter-Rachor et al., 2009; Subbarao et al., 2009), little is

known about environmental conditions that have selected for this behavior. Even if this inhibition has

not been assessed in other savanna types, mineral N partitioning could be involved in the tree-grass

coexistence of all West African humid savannas that have virtually the same grass and tree species. The

high performance of African grasses and their effects on N cycling in northern Australian and South

American savannas (D’Antonio and Vitousek, 1992; Rossiter-Rachor et al., 2017) seem to be linked

to their BNI capacity and tend to show that this capacity is restricted to African perennial grasses.

But the frequency of this capacity in other African grasses is not known and needs to be studied at a

large geographical scale to assess whether our mechanism applies to other savanna types. Besides,

N fixing trees and large herbivores absent from the Lamto savanna are known to be influential in the

functioning of other savannas such as East African savannas (Sankaran et al., 2008). These mechanisms

provide important N inputs through symbiotic fixation and animal dungs and hence differently impact
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N cycling and should be included in new models to assess the robustness of our results.

Clearly, the mechanism we are highlighting with our model is interacting with formerly identified

mechanisms based on the impact of disturbances on tree demography (Higgins et al., 2000). Thus, new

individual-based models should be built to take into account mechanisms based on both resource

competition and demography, e.g., the effects of fire on plant demography (Higgins et al., 2000). Such

models should allow assessing the relative influence of both types of coexistence and analyze how they

react. Our new mechanism of coexistence based on the partition of the mineral N resource, should

interact with these disturbance-based mechanisms to explain tree-grass coexistence. Although fire

is determinant for the maintenance of the Lamto savanna by reducing woody cover (Gignoux et al.,

2006), mineral N partitioning likely acts in interaction with fire as the intensity of fire partly depends

on the biomass of flammable grasses and this grass biomass depends on their N acquisition, essential

factor of their growth.

Moreover, mineral N partitioning could be affected by the current increasing woody cover

observed in savannas worldwide (Blaser et al., 2014). Because of the capacity of trees to stimulate

nitrification (Srikanthasamy et al., 2018), increasing woody cover can induce large N losses due to

leaching switching Lamto savanna from more N conservative to less conservative system (Chapter

4). But the low intensity of fires resulting from woody encroachment and low grass biomass should

decrease N losses through biomass burning. This suggests that there are complex feedbacks between

savanna N budgets and tree-grass dynamics, at least in West African humid savannas.
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4.6 Appendix

4.6.1 Appendix: Model parameters

Table 4.1 – Parameters of the two-patch model

Parameters Definition Unit Values

Grass parameters

dG Turnover rate of grass yr-1 0.6

lG Rate of N losses from grass compartment yr-1 0.4

uG N uptake rate ha kg-1 N yr-1 0.14186

βG Preference for NH4
+ No unit -

Tree parameters

dr Turnover rate of tree roots yr-1 0.08

dl Turnover rate of tree leaves yr-1 0.073

lT Rate of N losses from tree compartment yr-1 0.11

ur N uptake rate by tree roots ha kg-1 N yr-1 0.08

βT1 Preference for NH4
+ in the open patch No unit -

βT2 Preference  for  NH4
+  in  the  tree  clump

patch
No unit 0.25

α Fraction of roots in the open No unit -

γ Tree clumps proportion No unit -

r Root shoot ratio No unit 0.5

Soil parameters

iO N organic input to the savanna kg N ha-1 yr-1 16.5

m N mineralization rate yr-1 0.025

lO N loss from the N organic compartment in
surface soil layer

yr-1 0.0027

iNA NH4
+ inputs to the savanna kg N ha-1 yr-1 23

n1 Nitrification rate in the open patch yr-1 0.09

n2 Nitrification rate in the tree clump patch yr-1 4.16

lNA NH4
+ loss rate yr-1 0.0133

iNN NO3
- inputs to the savanna kg N ha-1 yr-1 4.1

lNN NO3
- loss rate yr-1 2.7
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4.6.2 Appendix 2: Influence of tree distributions on plant biomass

Figure 4.6 – Grass (patterns a and b) and tree (patterns c and d) biomass as a function of grass (βG) and
tree (βT1) preference for NH+

4 in the open according to random tree distributions at the savanna scale.
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Figure 4.7 – Grass (patterns a and b) and tree (patterns c and d) as a function of grass (βG) and tree (βT1)
preference for NH+

4 in the open patch according to clustered tree distributions at the savanna scale.
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4.6.3 Appendix 3: Effects of tree spatial distribution on tree root explo-

ration

We performed simulations for different tree spatial distribution to determine the relation between

tree cover (γ) and the proportion of tree roots in the open (α) and study spatial patterns effects on

tree-grass coexistence (Fig. 4.8). This relation has been tested for random, cluster and regular tree

distributions. We considered trees with 2 m crown radius and 12 m root radius for each distribution in

1ha plot.

α and γ are negatively correlated regardless tree distributions (p-value < 0.0001 and R2=0.998

for random; p-value < 0.0001 and R2=0.999 for cluster; p-value < 0.0001 and R2=0.999 for regular

tree pattern). α significantly decreases while γ increases regardless tree distributions. Clustered tree

distributions have low values of α compared to regular and random tree distributions. This leads to

these linear equations: α = -0.984γ +0.971, α= -0.977γ +0.973 and α = -0.932γ +0.924 respectively for

random, regular and clustered tree distributions. There is no signifant difference between cluster and

random or regular patterns.

Figure 4.8 – (a) Proportion of tree roots in the open as a function of tree cover according to cluster,
random and regular tree distribution, (b) Tree biomass as a function of tree cover for a root radius
equals to 12 m.
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4.6.4 Appendix 4: Effects of tree preference under their canopy depend-

ing on tree distributions

We did simulations for different combinations of grass and tree preference for NH+
4 in the open. Here,

we tested different tree preference for NH+
4 under tree canopy by gradually increasing tree preference

for NH+
4 under their canopy (βT2 = 0.35; βT2 = 0.5) knowing that the value by default used in the main

text is βT2 = 0.25 (Fig. 4.9). Increasing tree preference for NH+
4 under tree canopy leads to an increase

of a zone of coexistence between trees and grasses in the open but strongly reduces total coexistence

in both cases random and cluster tree patterns. As described above, when βT2 = 0.25 total coexistence

occurs if βG > 0.7 and 0.4 < βT1 < 0.73 for random tree pattern. When tree preference under tree

canopy for NH+
4 increases (βT2 = 0.35), trees tend to exclude grasses, which reduces the zone of total

coexistence. This also increases conditions of coexistence between trees and grasses in the open.

When tree preference under tree canopy for NH+
4 increases further (βT2 = 0.5), trees completely exclude

grasses under their canopy, which deletes the zone of total coexistence and increases conditions of

coexistence between trees and grasses in the open. The overall pattern is similar for cluster pattern

but the region of coexistence between trees and grasses in the open is larger than in the random tree

pattern case.

Increasing tree preference for NH+
4 under tree canopy tends to reduce total coexistence and the

presence of grasses under tree canopy, which increases possibilities of coexistence between trees and

grasses in the open.
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Figure 4.9 – Mutual invasibility plots between trees and grasses according to random (left) and clustered
(right) tree distributions at the savanna scale. The preference of trees under tree canopy increases
from the top to the bottom and correspond respectively to βT2 =0.25; βT2 = 0.35 and βT2 =0.5. Invasion
zones: G1+G2: grasses invade and exclude trees, T: Trees invade and exclude grasses, G1+T: tree-grass
mosaic (coexistence between trees and grasses in the open), G2+T:savanna woodland (coexistence
between trees and grasses under their canopy), G1+G2+T: savanna (coexistence between trees and
grasses under their canopy and in the open).
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5.1 Summary of the results

The coexistence between trees and grasses is a key feature of savannas. In the Lamto savanna,

the impact of plants on nitrification through nitrification inhibition by grasses (Lata et al., 2004)

and nitrification stimulation by trees (Srikanthasamy et al., 2018) suggest that the two plant types

have different preferences for NH+
4 and NO−

3 . I show that this control of nitrification by plants

can be involved in tree-grass coexistence through niche partitioning, which reduces interspecific

competition.

First, I have built a mean-field model of competitive interactions between trees and grasses, in

which the whole NH+
4 and NO−

3 compartments are fully available to both. I compared two formalisms

for nitrification: a first one where nitrification only depends on NH+
4 availability and a second one

where nitrification also depends on plant biomass. A comparison between these two formalisms

showed that biomass-dependent nitrification increased the domain of coexistence. At low nitrification

rate, coexistence occurs when grasses prefer NO−
3 and trees prefer NH+

4 , which was not expected in

the case of the Lamto savanna. But when the nitrification rate increases and reaches an interme-

diate value, coexistence becomes possible when grasses prefer NH+
4 and trees prefer NO−

3 . I have

shown with this first model that mineral N partitioning in the forms of NH+
4 and NO−

3 may promote

coexistence between trees and grasses when they have contrasted preferences for NH+
4 versus NO−

3 .

Then, I have built a two-patch model in which NH+
4 and NO−

3 are divided into two pools, one

corresponding to tree clumps and, the other to savanna outside tree clumps, that are not fully

accessible to all grasses and trees. This second model highlighted that the spatial heterogeneity

in nitrification fluxes created by nitrification inhibition by grasses and nitrification stimulation by

trees strongly impacts N fluxes. By extending their roots outside their canopy, trees increase their

nutrient acquisition by taking up N in the open. The horizontal fluxes between the open and tree

clump patches create source-sink dynamics in the Lamto savanna. Grasses appear as a N source

for trees: they help to better conserve N through the inhibition of nitrification, which decreases N

losses at the ecosystem level through leaching and denitrification. This study also suggests that

the horizontal soil exploration by trees in the open contributes to nutrient enrichment under tree

canopy because nutrients absorbed by trees are eventually incorporated to the soil of tree clumps

through the shedding of leaves and the decay of roots. In contrast to the fact that the extension of

tree roots in the open increases N uptake, increasing tree cover tends to decrease tree biomass, due

to the increase of total N losses following the stimulation of nitrification by trees.

Besides effects on N fluxes, the heterogeneity in nitrification spatially separates the N resource

that is already under two forms NH+
4 and NO−

3 , thus promoting tree-grass coexistence. I have shown

that a different preference of trees in the open and under tree canopy increases the domain of

coexistence, specifically when grasses prefer NH+
4 and trees prefer NO−

3 under their canopy and

NH+
4 in the open. This also confirms that mineral N partitioning can be considered as a stabilizing

mechanism favoring coexistence even if NH+
4 and NO−

3 are linked by nitrification, i.e., NO−
3 availability

depends on NH+
4 availability.
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All in all, my thesis thus proposes a new mechanism based on N partition contributing to the

coexistence between trees and grasses and therefore to the maintenance of savannas.

5.2 Nitrification control has a positive feedback in the func-

tioning of the Lamto savanna

Dominant grass species of the Lamto savanna can inhibit nitrification (Lata et al., 2004, 2000;

Srikanthasamy et al., 2018). As volatilization is not possible due to the acidic soil condition and as

it is also less prone to leaching, impeding nitrification allows a greater conservation of N because

only NO−
3 can be lost by denitrification and leaching. In a N-limited ecosystem such as the Lamto

savanna, the capacity of grasses to inhibit nitrification increases the efficiency of N recycling espe-

cially when they have an affinity for NH+
4 (Boudsocq et al., 2012), which in turn increases grass biomass.

Nitrification is higher under trees than under grasses. Experimental studies comparing nitrification

potential between bare soil and soil under tree canopy showed that nitrification is higher under trees

than under bare soil (Srikanthasamy et al., 2018). Two main hypotheses explaining this stimulation of

nitrification can be proposed: (1) Trees stimulate nitrification by the release of specific molecules

from their root system stimulating nitrifying communities. (2) The higher concentration of soil

organic matter under tree clumps increases the activity of nitrifying communities (Srikanthasamy

et al., 2018). Indeed, Mordelet et al. (1993) and Srikanthasamy et al. (2018) showed that the rate of

N mineralization under tree clumps is higher than in the surrounding open area. The higher soil

moisture and concentration of soil organic matter under tree clumps favors NH+
4 availability via

mineralization, and then NO−
3 availability by nitrification. In addition, tree clumps are often spatially

associated to termite mounds (Mordelet and Le Roux, 2006). Most termite species prefer to forage

on tree leaves rather than on grass leaves, which can explain the high activity of soil fauna under

tree clumps and thus contributes to the macro-porosity under tree clumps (Mordelet and Le Roux,

2006). All these conditions create optimal conditions that can stimulate the activity of microbial

communities. This is also in accordance with Abbadie (2006) that found that the nitrification rate

under termite mounds is higher than far from termite mounds. So far, it remains difficult to fully

determine what mechanism explains the stimulation of nitrification under tree canopy, which seems

common to all the dominant species. Additional studies are needed to determine the mechanism

promoting this stimulation.

Nitrification inhibition by grasses and nitrification stimulation by trees suggest that plants have

developed different resource-use strategies (Grassein et al., 2015). BNI capacity can be viewed as an

adaptation of some savanna grasses to conserve N and hence to use it efficiently, which is particularly

relevant in natural N-limited ecosystems (Lata et al., 2004; Subbarao et al., 2006). This can contribute

to the high primary productivity of the Lamto savanna. Similarly, the strategy of stimulation by trees

appears as an acquisitive strategy (Barot et al., 2015). Even if this stimulation can increase N losses

as NO−
3 is more prone to leaching, it could be a response of trees to acquire N as grasses would be

more efficient to use NH+
4 and trees have a deeper root system (Mordelet et al., 1997) that could

be beneficial to take up N at greater depth. Interestingly, plant influence on nitrification causes
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a positive feedback that allow plants to partition N resource and increase their own productivity.

Such an effect is not only determinant for ecosystem properties but can also be influential in the

dynamics and the diversity in plant communities (Bever et al., 1997).

5.3 Different plant preference for NH+
4 and NO−

3 can facilitate

coexistence

Field studies found some evidence of a preferential uptake of plants for different N forms such

as organic N and mineral N, NH+
4 and NO−

3 (Ashton et al., 2010). The ability of grasses to inhibit

nitrification logically suggests a preference of grasses for the expected more abundant form

of mineral N in this case, NH+
4 . Although this information is not yet completely confirmed by

experimental studies in the Lamto savanna, some studies supported the preference of grasses for NH+
4 .

Rossiter-Rachor et al. (2017) clearly showed that Andropogon gayanus an invasive African grass species

in Australian savannas is able to inhibit nitrification and has a preference for NH+
4 . Wang and Macko

(2011) studies on grass preferences of Southern African savannas according a rainfall gradient also

showed that grasses in humid areas tend to preferentially use NH+
4 relative to NO−

3 . Some ongoing

experiments seem to confirm a preference of grasses for NH+
4 (Barot, personal communication).

As existing data did not allow to determine plant preference for NH+
4 versus NO−

3 with certainty, I

studied coexistence by scanning different combinations of plant preference from cases in which plants

only take up NH+
4 to cases in which plants only take up NO−

3 . I found that a differential uptake of

trees in the open and under tree canopy influences conditions of coexistence. Their stimulation of

nitrification under their canopy suggests a certain affinity for NO−
3 . But they also would benefit from

the high availability of NH+
4 in the open, only if they prefer NH+

4 in the open. Houlton et al. (2007)

found through their experiment in tropical forests that plants can show a certain plasticity in their

preference for NH+
4 depending on the more accessible N form in dry and wet sites. Although some

studies support the idea of the existence of a trade-off in the uptake of NH+
4 and NO−

3 (Maire et al.,

2009), plants expressing an exploitative strategy tend to use both NH+
4 and NO−

3 (Grassein et al., 2015).

Different plant preference for different chemical N forms can play a major role in the coexistence

of plant species. Some studies showed that N partitioning into organic and mineral N forms (NH+
4 and

NO−
3 ) can facilitate coexistence (McKane et al., 2002; Miller and Bowman, 2002). My results show that

tree-grass coexistence occurs when trees and grasses have different preferences for NH+
4 versus

NO−
3 . Boudsocq et al. (2012) demonstrated by modelling that plants can coexist if their preferences

for NH+
4 versus NO−

3 are sufficiently different. This coexistence is not expected for a strict preference

for NH+
4 versus NO−

3 . Tavernier (2003) found that under controlled conditions, an optimal growth

of Lamto savanna grasses was obtained with a mixed uptake of 75% NH+
4 and 25% NO−

3 . This is in

accordance with some studies indicating that a mixture of NH+
4 and NO−

3 is often more beneficial for

plant growth (Konnerup and Brix, 2010) because both mineral N forms tend to be available to some

extent.

In my model, plant preference is considered as a fixed value although it is a multifactorial

parameter that can involve many environmental and physiological conditions (Britto and Kronzucker,
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2013), which suggests that plant preference for NH+
4 versus NO−

3 is plastic. It could be interesting for

further models to include this plasticity for example as a function of the NH+
4 and NO−

3 availabilities or

the seasonality and the soil water content.

Most plants have the capacity to form symbiotic mycorrhizal associations (Brundrett, 2002). Plants

strongly benefit from this association because it enhances nutrient acquisition (Lambers et al., 2006).

This could influence NH+
4 and NO−

3 uptake by plants and tree-grass competition for N. The current

model includes horizontal soil root proliferation in the open but does not consider mycorhizae. This is

due to the lack of information about fungi and mycorrhizae in the Lamto savanna, and should be fully

studied through new empirical studies.

5.4 Mineral N partitioning as mechanism of coexistence in

the Lamto savanna

Mechanisms of coexistence through niche partitioning appear as a stabilizing mechanism (Barot

and Gignoux, 2004). According to Chesson theories, species coexistence can be due to both

different niches that stabilize coexistence and the decrease of fitness differences that slows down

exclusion (Chesson, 2000). Tree and grass differences arising from nitrification control by plants

lead to stabilizing niche differences promoting intraspecific competition relative to interspecific

competition (Adler et al., 2013; Barot and Gignoux, 2004). The results of Chapter 4 show that spatial

heterogeneity in nitrification can promote tree-grass coexistence. Interactions between plants and

microbial communities locally create NH+
4 rich patches in the open and NO−

3 rich patches under

tree clumps, which causes a spatial heterogeneity in the availability of NH+
4 and NO−

3 . Tree-grass

coexistence occurs in our case when grasses prefer NH+
4 and trees prefer NO−

3 . These feedbacks

based on nitrification control spatially separate the mineral N resource by increasing the avail-

ability of their preferred N form, which can reduce the competition between trees and grasses

for N acquisition and can promote their coexistence (Amarasekare, 2003). Consequently, this

spatial heterogeneity induces a niche partitioning through different preferences for NH+
4 and NO−

3 .

The notion of niche differentiation to explain outcomes of competition has long been studied

(Chase and Leibold, 2003). In the Lamto savanna, the different effects of plants on nitrification may

lower niche overlap and therefore interspecific competition (Adler et al., 2013). These different plant

preference for NH+
4 and NO−

3 create some niche complementarity that can facilitate coexistence

(Silvertown, 2004). This result is supported by studies predicting that species that differ in their

resource use are more likely to coexist (Holt, 2008; Pacala and Tilman, 1994). Although the capacity

to inhibit nitrification is likely to have evolved to overcome N limitation, trees and grasses have

developed two complementary strategies (inhibition and stimulation) that allow them to coexist. In

most cases, niche differentiation is induced by a certain plasticity in their resource use (Aerts et al.,

1991; Casper and Jackson, 1997). Plasticity in resource use can be involved in niche complementarity

as weaker competitors respond to the presence of the superior competitor by taking up the less-used

resource (Hector et al., 1999).
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Moreover, classical resource competition theory suggests that when species compete for the same

resource, the species able to reduce resource availability the most outcompetes all others (Tilman,

1982). If we consider NH+
4 and NO−

3 as two distinct resources, our results are consistent with Tilman’s

R* theories (Tilman, 1982, 1985) suggesting that the coexistence of two species is not possible on fewer

than two resources. Mineral N partitioning enables the coexistence of two types of plants on two

distinct resources that firstly represent a single N resource and then are linked by nitrification: the

NO3- availability depends on the NH+
4 availability. The nitrification rate is strongly influential in this

mechanism because reducing or increasing this rate diminishes the impact of spatial heterogeneity. N

is only present in a unique form and could lead to exclusion (results of Chapter 3).

In the Lamto savanna, it is known that fire is determinant in the tree-grass dynamics (Gignoux et al.,

2006). An experiment of fire exclusion resulted in an increase of woody cover (Abbadie et al., 2006)

and ultimately the exclusion of grasses. My study shows that mineral N partitioning is also relevant

in the functioning of the Lamto savanna, but clearly this new coexistence mechanism likely acts in

interaction with fire. Although fire is important for tree-grass coexistence, the intensity of fire partly

depends on the biomass of grasses that in turn depends on their N uptake. Consequently, tree-grass

coexistence likely depends on these interactions between fire and mineral N partitioning resulting

from feedbacks between these two mechanisms.

5.5 Effects of spatial tree distribution and horizontal soil ex-

ploration on tree-grass coexistence

I also show that spatial tree distribution can influence niche partitioning. Most savanna landscapes

display clustered tree distributions because tree clumping increases their chances to escape fire and to

recruit new individuals (Barot et al., 1999; Hochberg et al., 1994). Intraspecific aggregation can reduce

interspecific competition relative to intraspecific competition (Pacala and Levin, 1997; Stoll and Prati,

2001). This can promote coexistence by impeding the better competitor to exclude lower competitors.

The results of Chapters 4 and 5 show the influence of horizontal soil exploration by tree roots

outside their canopy projection on N fluxes and also on tree-grass coexistence. The proliferation

of tree roots in the open strengthens interspecific competition relative to intraspecific competition

(Pacala and Levin, 1997; Stoll and Prati, 2001), which tends to reduce the effect of spatial heterogeneity.

Horizontal fluxes resulting from horizontal soil exploration increases the competitive ability of trees

for N, which increases competitive interactions between trees and grasses for N acquisition in the

open and decreases chances of coexistence. These horizontal fluxes can homogenize the N availability

between these two patches (Barot et al., 2015, 2014), and ultimately enhance exclusion.
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5.6 Can mineral N partitioning as a coexistence mechanism

be expected in other savannas?

NH+
4 and NO−

3 partitioning is a newly described mechanism that can be applied to all African savannas

that have plant species able to alter nitrification. BNI capacity has been identified in Brachiara

humidicola and Sorghum bicolor (Subbarao et al., 2013) and seems to be common in African perennial

grasses (Lata et al., 2004; Rossiter-Rachor et al., 2009; Subbarao et al., 2009). Most perennial tussock

grass species of West African savannas seem to have the same impact on N cycling. A potential ability

of grasses to inhibit nitrification has been mentioned in a sudanian savanna (Yé et al., 2015). In

northern Australian and South American savannas where African grasses have been introduced as

pasture species, they became invasive (D’Antonio and Vitousek, 1992; Rossiter-Rachor et al., 2017),

which could be due to their capacity to influence nitrification. Indeed, it has been showed that

they strongly modify soil N cycle and the high N-use efficiency of these African grasses relative to

native species seem to be linked to their ability to inhibit nitrification (Rossiter-Rachor et al., 2009).

Compared to native grasses, Andropogon gayanus lowers nitrification rates, which suggests that this

capacity is likely restricted to native African perennial grasses.

Contrary to the Lamto savanna, East African savannas experience a high pressure of large

herbivores and host N-fixing trees (Sankaran et al., 2008). These mechanisms can differently influence

soil N cycling. Savannas with N-fixing trees increase their N availability but switch to P-limited systems

(Boutton and Liao, 2010; Ludwig et al., 2004). These features provide important N inputs through

symbiotic fixation and animal dungs, and hence strongly impact N cycling. However, some studies

found no significant difference between leguminous and non leguminous species on N turnover rates

(Becker et al., 2017). Besides, experiments have been performed in Hwange savanna in Zimbabwe (an

example of savanna driven by herbivores and N fixation) to measure nitrification enzyme activity

under dominant grass and tree species. Preliminary results (Lata and Barot, personal communication)

shows that NH+
4 concentration is higher under grasses than under trees while NO−

3 concentration is

higher under trees than under grasses. But the nitrification rate is higher under grasses than under

trees (Fig. 5.1). Even if the results are for the moment difficult to interpret, they suggest that this

savanna has a very different functioning from that of the Lamto savanna. Complementary studies

are needed to fully test the possibility that the partitioning of the N resource can play a role in the

coexistence between trees and grasses in Hwange savannas. To determine whether the mechanism

based on the competition for N can be influential in other savannas (including savannas from South

America, India, Australia,. . . ), a global assessment of nitrification inhibition by savanna grasses is firstly

needed to test the scope of BNI capacity in other savannas. Then, if BNI occurs in other savannas,

it is also important to know how trees respond to it, and whether nitrification is stimulated under

trees in others savannas. Finally, new parameterization and adjustments should be performed in new

models to test the robustness of my results to other mechanisms (N fixation, herbivores, ...). At the

present time, existing data are insufficient to generalize our results to other savannas. But, even if

this inhibition has not been assessed in other savanna types, mineral N partitioning could play an

important role in the tree-grass coexistence of all West African humid savannas that have virtually the

same grass and tree species as the Lamto savanna.
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Figure 5.1 – Nitrifying Enzyme Activity according plant types (trees and grasses) in a) the Lamto savanna
and b) Hwange savanna. Grasses (GRA): AC (Andropogon canaliculatus), AS (Andropogon schirensis),
HD (Hyparrhenia diplandra), LS (Loudetia simplex), CD (Cynodon dactylon), ET (Eragrotis trichoflora),
HC (Heteropogon contortus), HF (Hyparrhenia filipendula) and Trees (TRE): BF (Bridelia ferruginea),
CB (Cussonia barteri), CF (Crossopteryx febrifuga), TG (Terminalia glaucescens), AT (Acacia tortilis), EA
(Erythrophleum africanum) (Srikanthasamy, 2018)

The process of denitrification contributes to the release of nitrous oxide (N2O) produced from

NO−
3 . The capacity of trees to stimulate nitrification (Srikanthasamy et al., 2018), increases NO−

3

availability, which can increase NO−
3 losses by denitrification. Indeed, Srikanthasamy et al. (2018)

found that denitrification is 9 times higher under trees than under grasses, which can also increase

N2O emissions. An increase of tree cover in similarly functioning savannas could thus accelerate global

warming as N2O is an efficient greenhouse gas (more than CO2). However, the current rising CO2 levels

is likely involved in the currently observed increase of woody cover in savannas (Blaser et al., 2014), by

increasing the competitive ability of trees versus grasses because trees are C3 plants while grasses are

C4 plants. These processes leading to bush encroachment should interact with tree-grass competition
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for N. The replacement of grasses by trees could potentially affect mineral N partitioning by reducing

spatial heterogeneity. Results of Chapter 3 show that increasing woody cover can induce large N

losses (through denitrification and leaching of NO−
3 ), which can ultimately change the system from a

more N conservative to a less conservative system. The assessment of plant impact on nitrification

in other savannas could lead to different N2O emissions depending on savannas and could therefore

show the contribution of savannas in the release of N2O emissions. But if nitrification stimulation

is common to tree species in most savannas, increasing woody cover could enhance greenhouse

effect and thus intensify global warming. Some studies showed that bush encroachment tends to

particularly involve trees having the ability to fix N symbiotically (Boutton and Liao, 2010; Eldridge

et al., 2011), which should impact N cycling. Becker et al. (2017) found no apparent effects of N-fixing

trees on greenhouse gas compared to no fixing trees. But this should be further studied to assess

N losses through denitrification and N2O emissions. Changes in fire regimes resulting from woody

encroachment and low grass biomass should decrease N losses through biomass burning. This could

lead to complex feedbacks impacting mineral N partitioning.

5.7 Perspectives

Overall, I have shown in my PhD thesis that the partition of the N resource under the forms of NH+
4

and NO−
3 between trees and grasses could play an important role for both tree-grass coexistence and

the N budget of savannas. Obviously, these processes interact with already-identified mechanisms

that are influential for savanna dynamics and for their N cycle. A huge work remains to be achieved to

study these interactions, both by new experiments and new models.

5.7.1 Empirical studies

Lata (Lata et al., 2004, 1999) was the first to identify the capacity of savanna grasses to inhibit

nitrification in the Lamto savanna but little is know about the existence of this capacity in other

savannas. A global assessment of this BNI capacity in other savannas is thus needed to test the

generality of the partitioning of mineral N resource in other savannas. A recent project coordinated by

Lata will consist in assessing the frequency of this capacity among savanna grasses of all savannas. It

will allow to know if BNI capacity is widespread among other savanna grasses and if it is linked to

particular environmental conditions. In the case of savannas exhibiting nitrification inhibition, it

would be interesting to know how trees respond to it and if the stimulation of nitrification by trees is

common in other savannas.

Empirical studies are also needed to determine the plant preference for NH+
4 versus NO−

3 by

comparing different treatments for trees and grasses: (1) plants growing only with NO−
3 , (2) plants

growing only with NH+
4 and (3) plants growing with both NH+

4 and NO−
3 using 15N labelling.

An experiment of N fertilization by increasing total mineral N availability could also be interesting

to test its effects on BNI activity and nitrification stimulation by trees and how this influences tree and

grass preference for NH+
4 versus NO−

3 and ultimately tree and grass biomass and tree-grass coexistence.
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Finally, in situ measurements of fluxes such as NO−
3 losses by leaching and denitrification at

temporal and spatial (in the open and under tree canopy) scales, and an estimation of horizontal fluxes

through the quantity of N absorbed by tree roots in the open, are also needed to parameterize models.

5.7.2 Modelling studies

Vertical niche separation

Walter (1971) suggested that vertical niche separation through different rooting depths can facilitate

tree-grass coexistence. In the Lamto savanna, trees and grasses have an overall superficial rooting

profile (Mordelet et al., 1997). However, there is some field evidence that grass roots are mainly in

the 30 cm of the soil while trees roots cannot extend until more than 60 cm of depth (Fig. 5.2). In my

model, I considered that tree and grass roots overlap in the same soil layers, i.e., between 0 and 30 cm.

In future studies, it could be interesting to build a modified version of the two-patch model including

the ability of trees to take up resources deeper than 30 cm. Because NO−
3 is more prone to leaching

and thus can easily reach deeper soil layers, extending tree roots deeper can increase their N uptake

by trees and thus can reduce the impact of NO−
3 leaching. The current model takes into account the

horizontal soil exploration by trees. Coupling horizontal and vertical soil exploration should allow

determining a trade-off for trees in their soil exploration and emphasizing the better strategy that

favors their N acquisition and contributes to tree-grass coexistence. The existence of deeper tree roots

could explain that they have “chosen” in Lamto a strategy consisting to stimulate nitrification: this

would increase their competitive ability for N against grasses in the open.

Effect of disturbances

Fire and herbivores are key actors of important disturbance-mediated coexistence mechanism that

affects tree demography (Higgins et al., 2000; Sankaran et al., 2004). As I wrote above, mineral N

partitioning should interact with disturbance-based mechanisms to explain tree-grass coexistence. It

could be interesting to build individual-based models to take into account mechanisms based on both

resource competition and disturbance e.g. the effects of fire and herbivores on plant demography

(Higgins et al., 2000; Van Langevelde et al., 2003). Such models should allow testing the feedbacks

between the partition of mineral N, fire and herbivores and also assessing the influence of both types

of mechanisms, i.e. N partitioning and plant demography, on the competition between trees and

grasses.

As many savannas, the Lamto savanna climate is strongly seasonal (Abbadie et al., 2006). These

seasonal variations also impact N cycling, as during the dry season the activity of microorganisms

is relatively low, which reduces mineralization and nitrification processes (Srikanthasamy, 2018). A

model including the effects of seasonality and fire-induced changes could therefore be very enriching.

Evolution of the capacity of plant to control nitrification

Because of the N limitation in the Lamto savanna, grasses have developed strategies to secure their N

uptake. The capacity of grasses to inhibit nitrification also strongly influences ecosystem properties by

reducing N losses, which can increase primary production (Boudsocq et al., 2009). It could be interest-
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Figure 5.2 – Vertical distribution of tree and grass root densities in the open (a) and under tree canopy
(b) (from (Mordelet et al., 1997))

ing to study the evolution of the ability of plants to control (inhibit or stimulate) nitrification through

an adaptive dynamics modelling approach (Fussmann et al., 2007). This would allow determining

the general conditions under which the evolution can lead to diverse strategies for N acquisition and

studying the co evolution between the capacity of plants to control nitrification and the preference of

plants for NH+
4 versus NO−

3 .
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Conclusion

Firstly, my study allows to test the effects of nitrification control by trees and grasses and how these

effects influence tree-grass competition for N. This allows to address the impacts of plant preference

on plant dynamics and N budget. This suggests that the influence of mineral N partitioning on

tree-grass coexistence depends on the capacity of plants to inhibit or stimulate nitrification and their

preferences for NH+
4 versus NO−

3 . Besides, the effects of the spatial heterogeneity created by plants can

be influenced at least by: the horizontal soil exploration by trees and the percentage of tree cover,

already implemented in my study. My study suggests the existence of a new mechanism based on

N partition that could be determinant in the coexistence between trees and grasses and thus could

contribute to the maintenance of savannas, at least in West African humid savannas.

Despite the theoretical approach of my study, my models could also deal with practical issues in

agroecosystems. The current agricultural practices and the use of fertilizers have modified agricultural

systems towards high-nitrifying environments (Subbarao et al., 2013). This causes large losses of N

through leaching and denitrification as N is more available in the NO−
3 form and lowers N-use efficiency

(Subbarao et al., 2013). The capacity of grasses to inhibit nitrification can be an interesting alternative

to lower N fertilizer inputs as such a capacity better conserves N and thereby reduces N losses. The

models developed in my study can be adjusted for agrosystems to test the competitive ability of crops

and nitrification inhibiting grasses for N acquisition and could be used as a decision-making tool

for the management of agricultural systems. Moreover, it could particularly be applied in models of

agroforestry mixing grasses and trees, as in Brazil.
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