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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 coexis-

tence solely based on the partitioning of the two

dominant forms of mineral nitrogen (N), ammo-

nium (NH4
+) and nitrate (NO3

-). 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 NH4
+ versus NO3

-.

Two models were studied and parameterized for

the Lamto savanna (Côte d’Ivoire): In the first

model, the nitrification only depends on the

quantity of available NH4
+, and in the second

model the 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 coexis-

tence when trees and grasses have contrasting

preferences for NH4
+ and NO3

-. Moreover, coex-

istence 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

NH4
+ and trees NO3

-. 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 empirical

studies and new models taking into account spa-

tiotemporal heterogeneity in nitrification rates.
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HIGHLIGHTS

� Mineral nitrogen partitioning may allow tree–

grass coexistence in an African savanna.

� Tree–grass coexistence occurs if they have con-

trasted preferences for NH4
+ and NO3

-.

� This should be important when grasses (trees)

inhibit (stimulate) nitrification.

INTRODUCTION

Savannas cover about 20% of Earth’s land surface

and are characterized by the coexistence of trees

and grasses (Scholes and Archer 1997; Bond and

Midgley 2000; Sankaran and others 2004). Coex-

istence mechanisms among plant species have been

much debated, in particular because of the com-

petitive exclusion principle stating that two species

using the same resource cannot coexist over the

long term (Hardin 1960, but see Rastetter and Ag-

ren 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 (Walter 1971; Walker and

Noy-Meir 1982; Ward and others 2013). (2) Dis-

turbances such as fire and herbivory (browsing and

grazing) prevent the ecosystem from reaching a

forest or grassland state (Higgins and others 2000;

Jeltsch and others 2000; Sankaran and others 2004;

Accatino and others 2010).

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 (Walter

1971; Walker and Noy-Meir 1982). However, re-

source partitioning is not supported by all studies

(Higgins and others 2000; Jeltsch and others 2000;

February and others 2013; Holdo and others 2018)

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 and others

2005; Staver and others 2011a). Fire, by limiting

tree recruitment and establishment, influences sa-

vanna structure (Van Langevelde and others 2003;

Gignoux and others 2009; Accatino and others

2010). Similarly, through the selective effects of

browsers and grazers on tree and grass biomass,

herbivores can maintain the open state of savannas

(Van Langevelde and others 2003).

Here, we focus on a newly proposed coexistence

mechanism based on the partitioning of mineral

nitrogen (N) (McKane and others 2002; Miller and

Bowman 2002; Boudsocq and others 2012). In the

Lamto humid savanna in Côte d’Ivoire (Abbadie

and others 2006), one of the factors explaining the

high plant productivity is biological nitrification

inhibition (BNI) by the dominant perennial grasses

(Lata and others 2000, 2004; Boudsocq and others

2009; Srikanthasamy and others 2018). The other

perennial species of this savanna have not been

tested for BNI capabilities, and this savanna virtu-

ally 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 and others

2009; Subbarao and others 2009). Nitrification al-

lows the presence of two forms of mineral N (am-

monium and 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 (Subbarao and others 2009). By maintain-

ing most mineral N in the ammonium (NH4
+) form,

BNI reduces N losses due to nitrate (NO3
-) leaching

and denitrification and consequently increases N

conservation and primary production (Boudsocq

and others 2009).

NH4
+ is directly assimilated by plants, but an

excess of NH4
+ uptake can be toxic for plants (Britto

and Kronzucker 2002). In particular, NH4
+ uptake

favors the release of H+ that causes soil acidification

and reduces the availability of other nutrients such

as Ca2+, K+ and Mg2+ important for plant growth

(Salsac and others 1987; Britto and Kronzucker

2002). Moreover, because of its positive charge,

NH4
+ is adsorbed by clays and soil organic matter

(Marschner 2008; Subbarao and others 2015) and

can become unavailable to plants in dry soils. By

contrast, NO3
- 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

2008). NO3
- can also be lost from ecosystems
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through denitrification taking place in water-satu-

rated pore spaces. Although the relative proportion

of NO3
- and NH4

+ used by plant species is not

documented for many plant species and soil con-

ditions (Boudsocq and others 2012), some studies

suggest that plant species differ in their preferences

for NH4
+ versus NO3

- (Falkengren-Grerup and

Lakkenborg-Kristensen 1994; Konnerup and Brix

2010; Huangfu and others 2016) 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 NH4
+ and NO3

- has been

explicitly demonstrated in one case (Maire and

others 2009). This trade-off is likely to arise because

(1) NH4
+ and NO3

- are not taken up through the

same transporters (Maire and others 2009; Nacry

and others 2013) and (2) their spatial distribution

can be heterogeneous within the soil profile, lead-

ing to different uptake strategies (rooting depth,

root densities) (Jumpponen and others 2002; Maire

and others 2009). For example, the assimilation of

more NO3
- requires spending energy for its

reduction, while the assimilation of more NH4
+

requires investing in fine root biomass with a high

turnover because of the low mobility of NH4
+,

which probably leads to a trade-off in terms of re-

source allocation.

Some studies have shown that the preference for

one form of mineral N can influence ecological

dynamics and species distribution (Boudsocq and

others 2012; Britto and Kronzucker 2013) and fa-

vor species coexistence. Indeed, resource parti-

tioning can allow coexistence if the use of existing

resources is sufficiently different among species

(Harrison and others 2007; Holt 2008). By using a

modeling approach, Boudsocq and others (2012)

studied the conditions of coexistence between two

plant species having the same N uptake rate but

different preferences for NH4
+ and NO3

- and found

that coexistence was possible if plants’ preference

for NH4
+ and NO3

- was different enough. In the

Lamto savanna, grass species can inhibit nitrifica-

tion (Lata and others 2000, 2004; Srikanthasamy

and others 2018), whereas trees can stimulate it

through an unidentified mechanism (Srikan-

thasamy and others 2018). This increase in nitrifi-

cation could be due to (1) some specific root

exudates that stimulate nitrifying activity or (2) an

increase in dead organic matter below tree canopy

that stimulates microbial activity and nitrification.

It would thus make sense that grasses prefer NH4
+

and trees prefer NO3
-, which is in accordance with

some preliminary data (Tavernier 2003). Besides,

Rossiter-Rachor and others (2009) studied the im-

pact 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 NH4
+.

Our main objective was to test whether tree and

grass capacity to control nitrification and their

respective preferences for NH4
+ and NO3

- could

facilitate tree–grass coexistence in the Lamto sa-

vanna. To reach this goal, we used a modified

version of the model of Boudsocq and others

(2012). While Boudsocq and others (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 into account their respective

impact on nitrification, the likely consequences of

their preferences for NH4
+ and NO3

- 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, etc.), Boudsocq and

others (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 NH4
+.

Then, to identify whether nitrification inhibition

and stimulation could influence tree–grass coexis-

tence in the Lamto savanna, we used a second

model in which nitrification also depended on the

biomass of both types of plants. This second for-

mula is supported by results on the impact of trees

and grasses on nitrification (Lata and others 2000,

2004; Srikanthasamy and others 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 facili-

tated when grasses prefer NH4
+ and trees prefer

NO3
-. (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 pos-

sible even when trees and grasses have not the

same overall uptake capacity for mineral N.

MATERIALS AND METHODS

Model Description

We used a mean-field model that is taking into

account no spatial heterogeneity, adapted from the

model by Boudsocq and others (2012) to explore
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competitive interactions between trees and grasses

for NO3
- and NH4

+ 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, NH4
+ (NA) and NO3

- (NN) (Figure 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 30 cm, which hosts the

majority of grass and tree fine roots in this

ecosystem (Mordelet and others 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

(Table 1).

The preference for NH4
+ versus NO3

- is described

in the model through the parameter b that ranges

between 0 and 1 and corresponds to the preference

for NH4
+. The higher the b, the higher the prefer-

ence for NH4
+. Total N uptake is represented by a

rate u (ha kg-1 N y-1) so that bu represents the

intake rate of NH4
+, whereas (1 - b)u is the intake

rate of NO3
-. Fluxes of N uptake are ‘‘linearly do-

nor-recipient controlled,’’ that is, they are propor-

tional to the sizes of both the donor (mineral N)

and receiver (plants) compartments. All other

fluxes are modeled as ‘‘linearly donor controlled’’

(for example, the flux due to mortality dG G is only

proportional to the grasses compartment).

Uptake of mineral N, U(N) is expressed as follows

(for example, for grasses):

U NHþ
4

� �
G
¼ uGbGNAG

U NO�
3

� �
G
¼ uG 1� bGð ÞNNG:

The turnover of plant biomass leads to an input

of organic N to the soil (compartment O) at rate d

(y-1). Organic matter is then mineralized into NH4
+

(compartment NA) at rate m (y-1). Nitrification

transforms NH4
+ into NO3

- (compartment NN) at

rate n (y-1). The model also takes into account

inputs to the different compartments. Wet and dry

depositions provide constant N inputs to the or-

ganic (RO) and inorganic (RNA, RNN) nutrient pools,

independently of their size. We consider that non-

symbiotic fixation can also exist and is included in

Figure 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. 6 and 7.
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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 param-

eters 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 compart-

ment (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 NH4
+ and

(2) nitrification flux depends on both tree and grass

biomass to allow simulating their respective influ-

ence on nitrification (Table 2).

Table 1. Parameters of the Two Models

Parameters Definition Value Unit References

Tree parameters

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

lT Rate of N losses from the tree compartment 0.1098 y-1 Menaut and César (1979)

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

bT 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 y-1 Lata (1999)

lG Rate of N losses from the grass compartment 0.4 y-1 Lata (1999)

uG N uptake rate by grasses 0.14186 ha kg N-1 y-1 Boudsocq and others (2012)

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

iG Nitrification inhibition rate 0.02 ha kg N-1 Boudsocq and others (2012)

Soil parameters

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

m N mineralization rate 0.025 y-1 Abbadie and others (2006)

lO Rate of N losses from the organic

matter compartment

0.0027 y-1 Abbadie and others (2006)

RNA NH4
+ inputs to the savanna 23 kg N ha-1 y-1 Villecourt and Roose (1978)

lNA NH4
+ loss rate 0.0133 y-1 Villecourt and Roose (1978)

RNN NO3
- inputs to the savanna 4.1 kg N ha-1 y-1 Villecourt and Roose (1978)

lNN NO3
- loss rate 2.7 y-1 Boudsocq and others (2009)

n Nitrification rate 2.7 y-1 Boudsocq and others (2009)

Table 2. Model Equations with a First Model Where Nitrification Only Depends on the Availability of NH4
+

and a Second One Where Nitrification is also Influenced by Tree and Grass Biomass

Model independent from plant biomass
dG

dt
¼ bGuGNAGþ 1� bGð ÞuGNNG� dG þ lGð ÞG (1)

dT

dt
¼ bTuTNAT þ 1� bTð ÞuTNNT � dT þ lTð ÞT (2)

dO

dt
¼ RO þ dTT þ dGG� mþ lOð ÞO (3)

dNA

dt
¼ RNA þmO� bGuGGþ bTuTT þ nþ lNAð ÞNA (4)

dNN

dt
¼ RNN þ nNA � 1� bGð ÞuGGþ 1� bTð ÞuTT þ lNNð ÞNN (5)

Model dependent on plant biomass
dNA

dt
¼ RNA þmO� bGuGGþ bTuTT þ ne� iGG�sTTð Þ þ lNA

� �
NA (6)

dNN

dt
¼ RNN þ nNAe

� iGG�sTTð Þ � 1� bGð ÞuGGþ 1� bTð ÞuTT þ lNNð ÞNN (7)
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Model 1: Nitrification Independent from Plant Biomass

Nitrification only depends on the availability of

NH4
+ in the soil, that is, the nitrification flux is

proportional to the stock of NH4
+ (n NA) (Eq. 4).

Model 2: Nitrification Dependent on Plant Biomass

To study the influence of trees and grasses on

nitrification (Lata and others 2000, 2004; Srikan-

thasamy and others 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 and

others 2000). This control of nitrification is ex-

pressed by a coefficient of nitrification inhibition by

grasses (iG) and a coefficient of nitrification stimu-

lation by trees (sT). Thus, the flux of nitrification is

modeled as n NAe
�ðiG G�sT TÞ, with iG > 0 and sT >

0. In this case, Eqs. 4 and 5 of model 1 are replaced

by Eqs. 6 and 7 in model 2 (Table 2).

Analytical and Numerical Analysis

Model 1 was analytically solved using Mathematica

10 to find equilibria (Wolfram 2017). As model 2

could not be analytically solved, we used the deS-

olve package (Soetaert and others 2010) available

in R (R Development Core Team 2014) 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 NH4
+ versus

NO3
- 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 stipu-

lates that when two species can mutually invade

each other starting from a very low biomass,

coexistence is necessarily stable (Chesson 2000).

We first considered 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 condi-

tions 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 1). This increases

grass competitive ability. We tested for the two

models the robustness of our coexistence results

toward the relative grass and tree competitive

ability for N, by progressively increasing the N

uptake rate by trees.

As no available data allow assessing with cer-

tainty the tree preference for NH4
+ (bT) and the

grass preference for NH4
+ (bG), we made simula-

tions scanning all possible combinations of these

two parameters varying from 0 to 1 with an

increment of 0.005.

Parameterization

For numerical analysis, the model was parameter-

ized from data collected in the Lamto research

station by different researchers (Table 1 for

parameter values and origin of parameters). Lamto

research station is located in a tropical humid sa-

vanna in Cote d’Ivoire (6�13¢ N, 5�02¢ W). Mean

annual temperature is about 27�C and rainfall

averages 1200 mm which is divided into four sea-

sons: 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 com-

posed of perennial grasses such as Andropogon

canaliculatus, Andropogon schirensis, Hyparrhenia dip-

landra and Loudetia simplex. The dominant tree

species in the Lamto savanna are Crossopteryx febri-

fuga, Cussonia arborea, Bridelia ferruginea and Pil-

iostigma thonningii. We used the values of

parameters calculated by Boudsocq and others

(2012) except for tree parameters. As no empirical

results from the Lamto site allow 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 y-1) (Me-

naut and César 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 Heerwaar-

den and others 2003). This process permits plants

to better conserve their nutrients. To calculate the

S. Konaré and others



turnover rate, we thus considered a resorption rate

of 1/3 from leaves back to storage compartments

prior to leaf shedding (Bernhard-Reversat and Po-

upon 1980). Furthermore, N losses by herbivory

are not considered in the model because the den-

sity of larger herbivores is very low in the Lamto

savanna (Le Roux and others 2006).

The nitrification rate for the first model was ob-

tained by dividing the nitrification flux by the NH4
+

stock at equilibrium (Boudsocq and others 2009).

We used a low nitrification rate as default value

(n = 2.7 y-1) for the two models. In model 2

(Eq. 6), the rate of nitrification stimulation by trees

(sT) was determined by assuming that the biomass

of grasses was zero. Then, the rate sT was calcu-

lated, with the second expression of nitrification

(n NAe
ST T), 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 y-1)

(Lata 1999).

RESULTS

Equilibria and Stability Conditions
in the Two Models

Analysis of model 1 (Eqs. 1–5) reveals six equilib-

ria: 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 nonlinear, it

was not possible to analytically determine the sta-

bility of equilibria. However, numerical simulations

were performed for values of bG and bT corre-

sponding to the different cases observed (no inva-

sion but residents maintain themselves, grasses

invade and exclude trees, trees and grasses coexist).

These simulations were run for 1000 time steps to

reach equilibrium.

Effects of NH4
+ and NO3

- Preference
on Coexistence

Under the baseline conditions for nitrification and

N uptake by trees (n = 2.7 y-1; uT = 0.018 ha kg-1

N y-1), model 1 predicts only two outcomes of

tree–grass competition in relation to NH4
+ and

NO3
- preference (Figure 2A): (1) If trees prefer

NH4
+ and grasses prefer NO3

-, trees and grasses

coexist (Figure 2A, zone 3) and (2) if grass prefer-

ence for NH4
+ (bG) is sufficiently higher than tree

preference for NH4
+ (bT), grasses successfully in-

vade and exclude trees (Figure 2A, zone 1).

In model 2, when nitrification depends on both

the availability of NH4
+ and plant biomass (Fig-

ure 2B), the overall pattern is similar but the region

of coexistence is larger than for model 1. Moreover,

residents can persist and prevent invaders from

establishing when trees strongly prefer NO3
- and

grasses prefer NH4
+ (Figure 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

(Appendix 4). Taken together, with both formulas,

coexistence is possible when trees and grasses ex-

hibit contrasting N preferences.

Besides their influence on coexistence, tree and

grass preferences for NH4
+ and NO3

- also deter-

mine tree and grass biomass (Figure 3). In the case

where nitrification only depends on the availability

of NH4
+ (model 1), total biomass is high in the re-

gion of coexistence (Figure 3C). Within the region

of coexistence, tree biomass increases as their

preference for NH4
+ increases and as grass prefer-

ence for NH4
+ decreases (Figure 3A). Within this

same region, grass biomass decreases as tree bio-

mass increases (Figure 3B). With model 2 where

nitrification also depends on plant biomass, coex-

istence does not necessarily result in higher total

plant biomass (Appendix 2).

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

y-1), coexistence is favored if grasses have a high

preference for NO3
- and trees have a high prefer-

ence for NH4
+ (Figure 4A). Grasses exclude trees

for any other combinations of bG and bT. With

increasing nitrification rate (n = 5 y-1), a second

zone of coexistence appears when grasses and trees

prefer NH4
+ and NO3

-, respectively (Figure 4B,

zone 3). When nitrification increases further (n = 6

y-1), two new zones appear (Figure 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 NH4
+

of both trees and grasses is too high for the nitrifi-
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cation 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

NH4
+ (� 0.78 < bG < 1) and trees prefer NO3

-

(bT < � 0.4). When nitrification is very high (that

is, 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 (Figure 4D).

These results show that coexistence is possible

whatever the nitrification rate. When nitrification

is low, coexistence occurs if grasses prefer NO3
-

and trees prefer NH4
+, and the reverse for high

nitrification rates.

Coexistence and N Uptake by Trees

Figure 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 NH4
+ (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 de-

scribed above, when N uptake rate by trees is low

(uT = 0.018 ha kg-1 N y-1), coexistence occurs

when grasses prefer NO3
- and trees prefer NH4

+

(Figure 5A). When N uptake rate by trees increases

(Figure 5B, uT = 0.058 ha kg-1 N y-1), trees be-

come able to invade and exclude grasses. With high

N uptake by trees, coexistence becomes possible

when grasses prefer NH4
+ and trees prefer NO3

-.

When grasses and trees have the same N uptake

rate (Figure 5C), trees tend to exclude grasses for

all combinations of bG and bT except for a small

zone of coexistence when trees have a high pref-

erence for NO3
- and grasses for NH4

+.

In contrast to model 1, preferences correspond-

ing 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 (Figure 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) (Figure 5D, zone 0). When N

uptake by trees increases (Figure 5E, uT = 0.058

ha kg-1 N y-1), this zone increases (intermediate

bG values and low bT values). When N uptake by

trees becomes equal to the uptake by grasses

(Figure 5F), the size of the zone of coexistence

decreases, the size of the zone of exclusion of

grasses increases, and the zone where no invasion

is possible disappears.

DISCUSSION

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

different species through a stabilizing mechanism

(Armstrong and McGehee 1980; Chesson 2000).

Such coexistence by resource partitioning is a par-

ticular case of niche complementarity (Barot and

Gignoux 2004; Silvertown 2004). Our results are

supported by empirical studies on niche partition-

ing for different chemical forms of N (NH4
+, NO3

-

and amino acids) that show that plant species differ

Figure 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.
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in their preferences for various N forms and suggest

that this can allow them to coexist (McKane and

others 2002; Kahmen and others 2006; Harrison

and others 2007; Ashton and others 2010).

In our models, the partitioning of mineral N only

enables the coexistence of species having con-

trasting preferences for NH4
+ and NO3

- (Figure 2)

as in Boudsocq and others (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 com-

petitor for this mineral form excludes the other

species given that the resource is limiting enough

(Hardin 1960). In accordance with Boudsocq and

others (2012), we found that the inhibition or

stimulation of nitrification could influence coexis-

tence. Nitrification and the factors controlling it

modify the availability of NH4
+ relative to NO3

-. If

nitrification is very strong, only NO3
- is available; if

it is low, only NH4
+ is available. In either case, the

species preferring the unavailable N form is ex-

cluded 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 and others (2012) that considered two

species having the same N uptake rate (indepen-

dently of their preference for NH4
+ versus NO3

-),

we show that species having different N uptake

rates can also coexist. This strongly increases the

likelihood that the emphasized coexistence mech-

anism influences real plant communities where

plants differ in their ecological and physiological

characteristics.

Model Limitations

Our model is a mean-field model where trees and

grasses have access to the same mineral N compart-

ments. But savannas are spatially structured

ecosystems with tree clumps and patches of grasses

(Barot and others 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 and

others 2000, 2004; Srikanthasamy and others 2018)

and zones of high nitrification under tree canopy

(Srikanthasamy and others 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 NH4
+

versus NO3
- is a multifactorial complex process

(Britto and Kronzucker 2013). At the root scale, this

parameter depends on physiological properties of

roots (at least NH4
+ and NO3

- transporters). At the

plant scale, it also depends on plant capacity to re-

duce and metabolize NO3
-, which is a costly process

Figure 3. Diagrams of tree biomass (A), grass biomass

(B) and total biomass (C) when nitrification only

depends on the availability of NH4
+. 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.
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(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 (Fang

and others 2007; Houlton and others 2007; Ashton

and others 2010). We assumed a fixed value for the

preference for NH4
+ versus NO3

- that does not take

into account the plasticity of plants in the uptake of

mineral N according to environmental and physio-

logical conditions. This means that fully testing our

hypotheses and determining the consequences of N

recycling on the tree–grass dynamics should involve:

(1) assessing the preference for NH4
+ versus NO3

- of

trees and grasses of the Lamto savanna, (2) assessing

the plasticity in this preference, and (3) including

this plasticity in new models.

In the same vein, our models do not explicitly in-

clude many additional important processes such as

water fluxes and temporal variations of N cycle.

Model parameters are averaged values concealing the

spatiotemporal variability in N fluxes. In particular,

mineralization, nitrification and denitrification de-

pend on soil humidity and the seasonality in rainfall.

Implementing such a temporal variability would al-

low answering new questions about the influence of

the synchronization and desynchronization of N

fluxes.

Case of Savannas: Influence
of Nitrification on Coexistence

Many mechanisms have been suggested to explain

tree–grass coexistence in savannas (Sankaran and

others 2004). So far, studies on resource parti-

tioning between trees and grasses have only dealt

with the spatial and temporal separation of the

water resource (Walter 1971; Walker and Noy-

Meir 1982). Competition for mineral N between

trees and grasses has been modeled in savannas,

but N has been considered as a single resource

(Donzelli and others 2013), whereas the models

developed in this study take into account two dif-

ferent pools of mineral N (NH4
+ and NO3

-).

Our models suggest that, for a low nitrification

rate, grasses and trees coexist when grasses prefer

NO3
- and trees prefer NH4

+ (Figure 4A). This case

bFigure 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 y-1, B n = 5 y-1, C n = 6 y-1,D n = 10

y-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 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-1 N y-1, B and E uT = 0.058 ha kg-1 N y-1, C

and F uT = 0.14186 ha kg-1 N y-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.
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is not consistent with our hypothesis that coexis-

tence is facilitated when grasses prefer NH4
+ and

trees prefer NO3
-. Lamto perennial grasses are

known to inhibit nitrification (Lata and others

2000, 2004; Srikanthasamy and others 2018),

whereas trees stimulate it (Srikanthasamy and

others 2018), which suggests that grasses should

prefer NH4
+ and trees NO3

- (bG > 0.7; bT < 0.3).

When nitrification rate increases and reaches an

intermediate value, coexistence becomes possible if

grasses prefer NH4
+ and trees prefer NO3

- (Fig-

ure 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 and others 2004; Subbarao and

others 2007) and nitrification stimulation may be

interpreted as a response of trees to limit competi-

tion with grasses for NH4
+. Although there is some

evidence that nitrification-inhibiting grasses prefer

NH4
+ (Tavernier 2003; Rossiter-Rachor and others

2009), further empirical studies are needed to test

tree and grass preferences for NH4
+ versus NO3

- 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 NO3
- and grasses,

NH4
+) 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

NH4
+ and NO3

- (Forde and Clarkson 1999; Britto

and Kronzucker 2002; Konnerup and Brix 2010). It

must be noticed that tree and grass preferences for

NH4
+ versus NO3

- also influence tree and grass

biomass (Figure 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 NH4
+ versus NO3

- 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 NH4
+ and cannot persist be-

cause nitrification is too high (zone 4 in Figure 4)

confirms that evolution should select complemen-

tary strategies linking the preference for NH4
+ and

NO3
- and the ability to inhibit or stimulate nitri-

fication.

Alternative Stable States in Tree–Grass
Dynamics

The analysis of the second model where nitrifica-

tion depends on the availability of NH4
+ 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

NO3
- (bT < 0.1) and NH4

+ (bG > 0.93). Depend-

ing on the initial biomass of trees and grasses, only

trees or grasses persist. This is a kind of founder

control effect (Perry and others 2003) where ini-

tially 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 NH4
+ or NO3

- and thus to increase

the availability of their preferred N form (Boudsocq

and others 2012). The possibility of such scenarios

and the required preferences for NH4
+ and NO3

-

would need to be tested empirically.

Determining whether savannas are bistable sys-

tems is important to predict their dynamics (Van

Langevelde and others 2003; Staver and others

2011a). 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, that is, savannas and for-

ests (Sankaran and others 2008). In this case, fire

and herbivores become a determinant factor of the

savanna structure because they prevent the estab-

lishment of a forest by reducing woody cover and

thus allow grasses to persist (Higgins and others

2010; Staver and others 2011a, 2011b). Although

fire and herbivory are usually mentioned as factors

responsible for savanna bistability, our model sug-

gests that plant–soil feedbacks and the partitioning

of the N resource could also be involved in such a

bistability.

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 and others 2004;

Subbarao and others 2007; Rossiter-Rachor and

others 2009). This inhibition suggests that mineral

N partitioning could be involved in tree–grass

S. Konaré and others



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 sa-

vanna grasses. Because of the success of African

perennial grasses in South America and Australia

(D’Antonio and Vitousek 1992; Rossiter-Rachor and

others 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 pres-

sures and N fixing trees (for example, acacias) that

can lead to an N-limited system under grasses and a

P-limited system under trees (Ludwig and others

2001). These two features impact N cycling and

should be included in future models to test the

influence of our proposed nutrient-related coexis-

tence mechanism in these savannas. Different

coexistence mechanisms often interact with one

another (Van Langevelde and others 2003; Ellner

and others 2019). In our case, mineral N partitioning

very likely interacts with fire-induced mortality re-

ported for trees in the Lamto savanna (Hochberg and

others 1994). These mechanisms involve tree and

grass demography (Higgins and others 2000),

whereas 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 com-

plex uptake functions (that is, saturating with the

availability of the N pool and plant biomass)

(Rastetter and Agren 2002). New simulations (Ap-

pendix 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 pos-

sibilities 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 rele-

vant mechanism determining coexistence of sa-

vanna 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 be-

tween trees and grasses.

Besides, as our models are rather theoretical, it

will be necessary to test their results using empiri-

cal approaches, for example by manipulating N

limitation and the relative availability of NH4
+ and

NO3
- (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 atmo-

spheric deposits of N add more NH4
+ than NO3

-, as

it is the case at the Lamto site (Abbadie 2006).
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