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In ecosystems limited by soil nutrients, some plants show a restricted horizontal distribution of their roots. We explored
the hypothesis that this particular pattern is a foraging strategy emerging from tradeoffs between soil exploration (that
increases the pool of nutrients available for plants) and the local control of nutrient cycling within the soil that we call soil
occupation. We developed two general analytical models of the cycling of a limiting nutrient in a plant population that is
not limited by water. They allowed to explore how plant productivity is affected when roots do not exploit the whole soil
available and to determine the conditions for which plant nutrient stock is maximized when plants limit their exploration
of soil. We predict that a restricted exploration strategy can be beneficial when 1) there is at least one tradeoff between a
nutrient cycling parameter and soil exploration, 2) nutrient availability in the unexplored soil is poor and 3) the area of
soil explored by plants is stable over time. The exploration limitation strategy results in spatially heterogeneous and nutrient-conservative ecosystems. Our results should apply well to perennial tussock grasses within tropical nutrient-limited
ecosystems and raises interesting cues for the construction of more sustainable agro-ecosystems. Overall, our study underlines the importance of considering the multiplicity of root–soil interactions and of their scales when considering root
foraging strategies.

Root distribution within the soil affects the functioning
of plant–soil systems at different scales. At the millimetre
to centimetre scale, root density alters nutrient uptake efficiency, but also plant feedbacks on nutrient availability and
microbial activities through root exudation (Hinsinger et al.
2009). At the scale of individual plants, the pool of soil water
and available nutrients depends on the distribution of these
resources, and on the size and the shape of the root system
(Lynch 1995, Pagès 2011). At the plant population and
community scales, inter-species root distribution influences
the intensity and the outcome of competitive and facilitative
interactions between individual plants (Casper and Jackson
1997, O’Brien and Brown 2008). All these mechanisms
interact with each other and affect both plant productivity
and the overall nutrient cycling within ecosystems. Understanding how horizontal and vertical heterogeneities in root
distribution across time and space affect plant mineral nutrition is therefore essential. We focus here on the horizontal
distribution of roots and consider soil exploration defined as
the area of soil containing all or a significant amount of the
roots of a plant or a population of plants.
An intuitive view is that, in ecosystems limited by belowground resources, soil exploration should be more important
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than in resource-rich systems, thus increasing the amount of
resources potentially available to plants. This view is backed
by empirical data, especially in the case of water (Casper et al.
2003). However, a contrasting pattern can also be observed
in ecosystems such as savannas and grasslands, where some
plant species show a limited horizontal distribution of roots.
For example, in a nutrient-limited African savanna, dominant tussock grasses of the Andropogoneae supertribe leave
the soil between tufts relatively unexplored (Lata et al. 2000,
Abbadie et al. 2006). This pattern is also found for other
tropical tussock grass species (Groot et al. 1998) as well as
in some shrub- and small tree-based arid ecosystems (Hartle
et al. 2006, Guevara et al. 2009). On the contrary, in temperate grasslands, root distribution is more homogeneous in
space and root systems of individuals often overlap whether
they belong to the same species or not (Frank et al. 2010,
2015).
Cases of restricted horizontal exploration of soil by roots
can be explained by distinct, but not mutually exclusive
hypotheses. First, the limited exploration of soil can be
a mere outcome of low plant productivity, physiological
constraints or the costs of root construction (Lynch and
Ho 2005). However, this does not seem to be the case for

species such as Hyparrhenia diplandra in the humid savanna
of Lamto, Côte d’Ivoire, that have a high productivity
despite a limited availability of nutrients (Abbadie et al.
2006). This suggests that other explanations should be considered. Second, plant rooting patterns may simply reflect
the underlying pattern of resource distribution: it is well
established that plants preferentially proliferate roots within
resource hotspots (Hodge 2004). This kind of behaviour can
be coupled with processes such as the aboveground interception of litter, or stem-flow that tend to concentrate resources
right under plant canopy (Wezel et al. 2000). The fact that
some nutrients (e.g. nitrate) are more abundant in deep soil
horizons may also favour in-depth exploration at the expense
of horizontal exploration (Lynch 2013). Third, the limitation of soil exploration may be due to a territorial behaviour
characterized by the avoidance of competitors (Gersani et al.
1998) or to allelopathy (Schenk et al. 1999). However, data
on grass tufts of the humid savanna of Lamto suggest that
their distribution is not explained by competitive interactions (Abbadie et al. 2006).
A common shortcoming of all these hypotheses is that
they do not explicitly take into account the feedback of roots
on soil processes through exudation and inputs of dead root
material. Hereafter we call ‘soil occupation’ the ability of
plants to control efficiently a given process of the cycling
of a nutrient in the area of soil they explore, for example
by enhancing resource availability. Considering relationships
between soil occupation and soil exploration, we explore
a fourth hypothesis that takes into account this feedback
between roots and resource availability: we propose that the
concentration of roots in a small soil volume can be considered, at least in some cases, as a plant strategy to improve
plant nutrient uptake through a better control on nutrient
cycling.
To develop this hypothesis, we focus on the theoretical
case of a plant population that is limited by any soil nutrient (e.g. P, N, K...) but not by water or light, and with no
inter-plant competition. Within this framework, if roots are
only considered as absorbing organs, a reduced soil exploration should not be considered as an efficient strategy for
two main reasons. First, reducing the area of explored soil
decreases the pool of soil nutrients potentially available for
plants. For example, if inputs of nutrients to the ecosystem
occur mainly as a homogeneous deposition of mineral nutrients through winds or rain at the landscape scale, reducing
the lateral exploration of soil by roots deprives plants of
a proportional part of this deposition. Second, smaller
distances between roots of individual plants would create
intra-individual, inter-root competition that increases the
cost of nutrient absorption (Ge et al. 2000).
However, the exploitation of a nutrient pool often relies
on mechanisms others than mere root absorption: roots also
influence soil processes by various ways including exudation, respiration, the modification of soil pH etc. (Hinsinger
et al. 2011b). Considering these mechanisms leads to the
hypothesis that soil exploration and soil occupation can be,
in some cases, inversely correlated. Indeed, if an individual
plant allocates a constant fraction of its biomass to roots,
the restriction of soil exploration should lead to an increase
in its root density, which could in turn increase its capacity
to control local nutrient fluxes. This enhanced control could

thus compensate for the reduced access to nutrients. A large
part of soil nutrients are not directly available for uptake and
some plants develop ‘mining’ behaviours. For example, some
plants couple the exudation of carboxylates (e.g. citrate) that
trigger phosphorus availability to the development of “cluster roots” (Lambers et al. 2006). Similarly, the rhizosphere
priming effect that allows plants to stimulate mineralization
within their zone of influence may depend on root density
(Shahzad et al. 2012). The efficiency of nutrient cycling can
also depend on the activation or inhibition of soil microbial
activities. For example, the biological inhibition of nitrification in tropical savannas is directly correlated to root density
(Lata et al. 2000) and this process could reduce mineral losses
by avoiding leaching or denitrification at the ecosystem scale
(Boudsocq et al. 2009). Finally, processes such as leaching or
pre-emption by competing microorganisms or plants tend
to reduce the quantity of available nutrients to a given plant
individual. Reducing the distance of transport from mineralized nutrients to the roots should minimize this risk. Increasing local root density by reducing soil exploration should
reduce the distance between dead and living roots and thus
favour the recycling of nutrients released from root decomposition (Abbadie et al. 1992, 2006).
Based on these examples, we postulate the existence of
inverse correlations of soil exploration and occupation. Our
main objective is to assess the hypothesis that such tradeoffs
can lead to exploration strategies that leave part of the soil
unexplored by plants. We also evaluate the consequences of
this restricted root exploration for some ecosystem properties, such as soil nutrient stock or nutrient losses.
To tackle these questions, we developed and analysed two
simple models describing the cycling of a limiting nutrient
using a mathematical framework derived from Barot et al.
(2007) and considering different formulations to describe
our hypothetical tradeoff. Soil nutrients are considered in
both their unavailable (fixed within the organic matter)
and available (in the soil solution) forms. The first model
considers the area of soil explored by plants to be fixed (i.e.
population growth is at equilibrium and the explored and
unexplored areas are fixed) whereas the second considers a
dynamic equilibrium between these two areas (the total area
explored is fixed but unexplored area can switch to explored
and vice versa).

Material and methods
Models descriptions
Spatial organization of the plant–soil system

For simplicity, we used an implicit representation of space
in which the soil is divided on the horizontal plane into two
distinct areas: the soil that is explored (E) or unexplored (U)
by roots. This is a discrete approximation of the horizontal
distribution of roots, which is generally more continuous
in the field (Lata et al. 2000). We assumed that, below a
threshold value of root density, most of the soil nutrients
are out of reach of the fine roots. Neglecting possible spatial
heterogeneities, we assumed a constant and homogeneous
rate of aboveground litter and other nutrient inputs to the
modelled area.
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Figure 1. Diagram of the models. We consider separately nutrient
cycling within the soil explored by plants (within the grey dashed
rectangle, subscript E) and nutrient-cycling in bare, unexplored soil
(subscript U). The proportion of soil explored is quantified by e.
Nutrient cycles between five compartments: plants (PE), soil
unavailable nutrients (DE and DU) and available nutrients (NE and
NU). Arrows represent fluxes between nutrient pools within each
zone of soil, with their mathematical expression. Plain arrows correspond to fluxes of model 1, while grey, dashed arrows are fluxes
added to model 1 to form model 2.

Parameter e quantifies soil exploration, defined as the
proportion of soil surface explored by roots (e  E / (E  U);
Fig. 1). This value integrates all the processes occurring at
lower scales: the rhizospheres of selected roots (Hinsinger
et al. 2009) and the below-ground zone of influence of
individual plants (Casper et al. 2003), and their respective
dynamics. We assumed that the plant population has reached
its population equilibrium. We supposed soil exploration e
to be constant by hypothesizing that 1) plant mortality is
perfectly compensated by the birth of new individuals and
2) changes in the explored/unexplored status of the soil are
solely due to plant demography. We thus considered pools of
the limiting mineral nutrient to be at equilibrium.
Compartments of the nutrient cycle

The cycling of a limiting nutrient (e.g. nitrogen or phosphorus) is modelled in the explored (E) and unexplored (U)
areas. Nutrient fluxes between plant tissues (PE), unavailable
nutrients pools, such as organic nutrients (DE and DU) and
available mineral nutrients pools (NE and NU), are expressed
in kg nutrient ha1 year1. Total nutrient contents per unit
of soil surface (P, D, N) at the whole system scale were calculated using weighted averages:
P  ePE

D  eDE  (1 e ) DU 
N  eN E  (1 e ) N U

(1)

The total stock of nutrients in the system is then:
T  P D N
Nutrient fluxes in the plant–soil system

(2)

Inputs of nutrients to the ecosystem are uniform over space
and time and occur at rates iD for unavailable nutrients and
iN for available nutrients. These fluxes correspond to rains
and dust that bring nutrients in the mineral or organic form
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(Abbadie et al. 2006). Losses of nutrients from the system
can be due to mechanisms such as fire, volatilization, harvest
or leaching. We modelled them as donor-controlled and proportional to the compartment stocks, with coefficients lP, lD
and lN (for plants, unavailable and available nutrient pools,
respectively; see equations below).
Nutrient cycling in our model includes three processes: 1
uptake of available nutrients by plant roots, 2) plant losses to
the unavailable nutrient pool, and 3) flux from the unavailable to the available nutrient pools (hereafter called ‘mineralization’). Since nutrient uptake depends on both plant root
biomass and nutrient availability in the soil, we modelled it
as a controlled, donor–receiver flux proportional to PE and
NE (type I functional response), with a constant coefficient uN
(Barot et al. 2007). Fluxes of organic nutrients between plants
(PE) and soil unavailable nutrients (DE) occur through organ
mortality and root exudation, and increase the inputs of nutrients to soil detritus. This flux is donor-controlled, with rate
dP. We did not distinguish the recycling of above- and belowground plant nutrients that we supposed to occur over the
same spatial area, i.e. within the explored soil. Finally, mineralization describes the flux between the unavailable (DE, DU)
and the available nutrient pool (NE, NU), within the explored
(E) and unexplored (U) soil. We assumed that these fluxes
were donor-controlled with the same rate mD. For simplicity,
we supposed that all nutrient cycling parameters that do not
depend on the plant compartment (iD, iN, mD, lD, lN) were the
same between the explored (E) and unexplored (U) zones.
We developed two models, depending on whether the
horizontal dynamics of the two zones are taken into account
or not. Parameter symbols and definitions for model 1 and 2
are given on Table 1.
Model without nutrient fluxes between the unexplored and
explored soil

In the first model we assumed that individual plant always
explore the same area of soil. We thus neglected all processes
leading to an exchange of organic and mineral nutrients
between the explored and unexplored areas of soil and therefore assumed that nutrient cycles within the two zones are
independent. Given the different relations detailed above,
the equations for this first model are:
dPE
 u N N E PE  ( d P  lP ) PE
dt
dDE
 iD  d PPE  ( mD  lD ) DE
dt
dN E
 i N  mDDE  ( u N PE  l N ) N E 
dt
dDU
 i D  ( m D  l D ) DU
dt
dN U
 i N  m DDU  l N N U
dt
Model with nutrient fluxes between the unexplored
and explored soil

(3)

In the second model we assumed that as individual plants die,
the soil that they previously explored is converted to unexplored, and that at the same time unexplored patches can be
colonized by new individuals, thus converting unexplored to

explored soil. From the model perspective, these mechanisms
are equivalent to fluxes of nutrients between the explored and
unexplored zones, which we modelled by applying Levins’
(1969) patch model to the first model (fluxes between the
two zones are shown by dashed arrows on Fig. 1). This new
model has two more parameters, the plant turnover rate m
and the plant colonization rate c that determining the reduction and increase in plant exploration, respectively.
de
 ce (1 e )  µe 
dt

(4)

Considering a dynamic equilibrium where the proportion of
soil explored e remains constant, i.e. de/dt  0 leads to
m  c (1 – e)

(5)

when e ≠ 0.
This last equation allows us to use the mortality rate m as
the only indicator of the intensity of fluxes between explored
or unexplored soil.
There are four lateral fluxes from PE and DE to DU, from
NE to NU, from DU to DE and from NU to NE (Fig. 1).
For an easier comparison of the system properties for different values of m, we suppose that plant mortality (dP) is not
affected by these dynamics: whatever the value of m, nutrient
outflux from PE is (dP  lP) PE. From the flux dP PE, m e PE
goes to DU and (dP – m e) PE goes to DE (Fig. 1). Biological
relevance of the model implies that: m e  dP. The equations
for this second model are:
dPE
 u N N E PE  ( d P  lP ) PE
dt
dDE
 iD  ( d P  µe ) PE  µeDU  ( mD  lD  µe ) DE
dt
dN E
 (6)
 i N  mDDE  µeN U  ( u N PE  l N  µe ) N E
dt
dDU
 iD  µe (PE  DE )  ( mD  lD  µe ) DU
dt
dN U
 i N  mDDU  µeN E  ( l N  µe ) N U
dt
Because this model was not analytically tractable, we
studied its behaviour by running numerical simulations and
numerical stability was ensured using the Routh–Hurwitz
criterion.
Relationships between space exploration and
nutrient cycling parameters
Our hypothesis of a tradeoff between soil exploration and
occupation can be expressed by several ways depending
on the process considered. In this study, we explored three
mathematical tradeoffs: a negative relationship between
nutrient uptake (uN) or mineralization (mD) rates and soil
exploration (e), and a positive relationship between the
loss of available nutrients (lN) and soil exploration (e).
Thereafter, every parameter or variable that is function
of soil exploration will be notified by adding ‘(e)’ to its
symbol.

In the main text, we focus on the case of a linear tradeoff
between the nutrient uptake rate and soil exploration:
u N (e )  u1N (1 βUN (1 e )) 

(7)

where uN1 is the rate of nutrient uptake when all the soil
is filled by the roots (e  1), and bUN is the strength of the
tradeoff, i.e. the greater bUN, the greater uN(e) when e  1.
This relationship is supposed to be true above a threshold
value emin under which decreasing soil exploration decreases
the uptake efficiency due to competition between roots.
We explored other mathematical forms for this tradeoff
(Supplementary material Appendix 1–2). The cases of
tradeoffs between soil exploration e and available nutrient
loss rate lN(e) or mD(e) are developed in the Supplementary
material Appendix 3.
Parametrisation
Our models can be applied to any single-nutrient limited
system (e.g. N, P, K), under the hypothesis used in our modelling approach. To test quantitatively our model in two
contrasted ecosystems, we focused on nitrogen cycling in: 1)
Lamto, a tropical, humid African savanna in Côte d’Ivoire
(Abbadie et al. 2006), and 2) a temperate upland pasture in
United Kingdom (Batey 1982). Parameter values are given
in the Supplementary material Appendix 1. These two ecosystems are representative of many temperate and tropical
grasslands and are characterized by contrasting horizontal
root distributions. Long-lived tussock grasses are dominant in the savanna of Lamto and have a spatially concentrated root system leaving large parts of the soil unexplored
(Abbadie et al. 2006). In temperate humid grasslands, grass
cover is continuous and measurements of root absorption
zones (Pecháčková et al. 2004) suggest that there is a strong
overlap between the below-ground zones of influence of
individuals, which backs the idea that all the available soil is
explored in these systems.
Partial recycling efficiencies and system closure
We defined partial recycling efficiencies aP, aD and aN(e)
that quantify the proportion of fluxes out of a compartment
that reaches the next one for P, D and N compartments,
respectively (Barot et al. 2007).
dP
d P  lP
mD
αD 

m D  lD
u N (e ) PE
α N (e ) 
l N  u N (e ) PE
αP 

(8)

We defined the system closure W(e) as the product of all
partial recycling efficiencies, which can be interpreted as the
proportion of nutrients taken up by plants that come from
the recycling of their own dead material:
Ω (e )  α P α D α N (e ) 

(9)
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Results
Equilibrium and stability conditions of the first
model
The first model (Eq. 3) has only one non-trivial equilibrium:
PE∗ 


d l 
1
α P i N  α D iD  P N 
d P (1 α P α D ) 
u N (e ) 

D∗E 

(

)


d l 
αD
α P i N  iD  P N 
mD (1 α P α D ) 
u N (e ) 

dP
N 
α P u N (e )
α i
D∗U  D D
mD
i  α D iD
N∗U  N
lN
∗
E

α p u N (e ) ( i N  α D i D )
dP lN



1 

u N (e ) N∗U PE∗

(dP  lP ) PE∗

(10)

(11)

(12)

Conditions for which a reduced exploration
maximizes plant nutrient stock
Focusing on the size of the plant nutrient stock at
equilibrium at the system scale P*(e) and found values of
soil exploration e which maximizes this variable. Using Eq.
7–10), a simple expression can be found for W(e):
Ω (e )  α P α D

R (e ) − 1

R (e ) − α P α D

(13)

which leads to the following expression for plant nutrient
stock:
 Ω (e )
1 
P∗ (e )  e i N  α D iD   

1 Ω (e ) α D d P 

(
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)

(c)

(c)

Under that condition, all positive equilibria are stable (Routh–
Hurwitz criterion, Supplementary material Appendix 2).
As shown in Eq. 12 below, R(e) can be interpreted as the
ratio between the inputs and outputs of nutrients if plants
were growing in a formerly unexplored portion of soil at
equilibrium. If R(e)  1, the uptake of mineral nutrient is
higher than losses from plant biomass so that plant growth
is possible and
R (e ) 

(b)

emin

For equilibrium plant nutrient stock PE* and soil unavailable nutrients DE* to be defined, we must have aP aD  1,
which translates into lP or lD  0 (Eq. 8). To be biologically
relevant, all nutrient stocks have to be positive. In the case of
PE* and DE*, this yields a single condition:
R (e ) 

Plant nutrient stock P*(e)

(a)

(14)

eP

e(c)
e(b)
0
P

1

(a)
e(b)
0 eP

Soil exploration e

Figure 2. Variation of plant nutrient stock at equilibrium P*(e)
with soil exploration (e) for a linear tradeoff. Three different cases
are possible analytically, depending on the relationships between
local maximum and limit values for biological relevance. emin is a
minimum for soil exploration that cannot be null while 1 is its
maximum value, by definition. In case (a), the maximum of
the curve is reached for eP  1. In that case, plant nutrient content
is maximized when all the soil is explored. In (b), the maximum is
reached for eP  1, and plant nutrient content is always positive.
In that case, the plant can explore all the space available, but maximizes its mineral nutrition when reducing lateral spread. In (c),
as in (b), plant nutrient content is maximized for eP  1 but reaches
0 for e0  1. In that case, the plant cannot spread over the entire
surface available.

The right-hand term of Eq. 14 can be described as a product between two functions of soil exploration. The first is
a positive linear function of soil exploration e proportional
to nutrient inputs in the mineral compartment of the soil.
It expresses the increase in the size of the potentially available nutrient pool with increasing exploration. The second is
an increasing function of system closure: the more efficient
recycling in the overall system, the higher the plant nutrient
stock. Figure 2 illustrates the resulting shape of plant nutrient stock as a function of soil exploration.
Without tradeoff (uN(e)  uN1), the second term of the
product is constant and P*(e) is an increasing function of
soil exploration. In this case, plant nutrient stock is always
maximized when plants explore all the available soil (e  1).
Whenever there is a tradeoff between nutrient cycling
efficiency (uN(e)) and soil exploration (e), plant nutrient
stock at equilibrium P*(e) becomes the product of increasing (nutrient inputs) and decreasing (nutrient cycling) functions of soil exploration e (Eq. 14). In that case, P*(e) has
a local maximum for a value of soil exploration noted eP.
The exploration strategy that optimizes plant nutrient stock
depends on the biological relevance of this value, which cannot exceed 1 (Fig. 2). If eP  1 (case (a) on Fig. 2), plant biomass is maximized when the plant explores all the available
space. If eP  1(cases (b) and (c) on Fig.2), a restricted soil
exploration can maximize plant nutrient stock. Note that in
case (c), P* becomes negative before e  1, i.e. exploration
above a given threshold eP  1 yields a zero plant nutrient
stock.
By the use of partial derivation, the analytical expression
for optimum soil exploration eP can be calculated in the case
of the linear tradeoff:

1 βUN 
1 
eP 
1 βUN 


βUN 
R (1) 

(15)

In this case, eP  1 is equivalent to:
R (1)  1βUN 

(16)

Low values of eP are thus favoured by low R(1) ratio and high
tradeoff strength (bUN). According to the definition of R(e)
(Eq. 11), R(1) decreases with the mineral nutrient content
of the unexplored soil at equilibrium (NU*). This can be due
to low inputs of nutrients to the system (iD and iN) and low
recycling efficiencies aD and aP , high mineral losses lN or a
high plant mortality dP  lP .
Generalisation to other tradeoffs
Although being qualitatively similar, other expressions for
the tradeoff between nutrient uptake rate uN(e) and soil
exploration affect the mathematical expression of the value
of soil exploration that maximises plant nutrient stock (eP;
Supplementary material Appendix 2). With other tradeoffs
(negative relationship between soil exploration e and mineralisation rate mD(e) or positive relationship between e and
the rate of available nutrient loss lN(e)). P*(e) follows a similarly shaped curve with more complex analytical expressions
(Supplementary material Appendix 3).

Nutrient fluxes (kg N ha–1 yr–1)

(a)

For a given value of tradeoff strength bUN, the model predicts
a maximization of plant nutrient stock when soil is partly
unexplored at Lamto, whereas in the British pasture plant
nutrient stock is maximized when all the soil is explored (as
expressed by dPP*(e) on Fig. 3a–b).
Consequences of reduced soil exploration on soil nutrient
stocks and losses

By construction, any tradeoff between soil exploration (e)
and nutrient cycle parameters (uN, mD or lN) leads to a positive relationship between e and the closure of the system W(e)
(Eq. 8, 9), as illustrated by Fig. 3c–d in the case of nitrogen cycling in tropical savanna and temperate pastures. As
we consider a flux between inputs and outputs of nutrients
from our system, total nutrient losses do not vary with soil
exploration. Still, any strategy that maximizes plant nutrient
stock mechanically minimizes the nutrient losses from soil
(L*) as:
L∗ (e )  lDD∗ (e )  l N N∗ (e )  iD  i N  lPP∗ (e ) 

(17)

Considering soil available (N*) and unavailable (D*) nutrient stocks at equilibrium, soil exploration value eP maximizes
D* with P*, and minimizes N*. Under specific conditions
(Supplementary material Appendix 2), the total nutrient
content of the system T* is maximised at eP. These results are

(b)
dP P*(e)
lN N*(e)
lD P*(e)
L*(e)
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System closure Ω(e)

Application to nitrogen cycling in two contrasting
ecosystems

1

(d)
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Soil exploration e
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1

Figure 3. General system properties estimated in the case of Lamto savanna ecosystem (left), and a British temperate grassland (right)
with the linear tradeoff and bUN  1.4. Panels (a) and (b) show different fluxes as functions of root lateral spread: plant mortality (dP P*(e))
and soil organic (lD D*(e)), mineral (lN N *(e)) and total N losses (L*(e)). Plant mortalities show that Lamto savanna and the British
grassland correspond respectively in Fig. 2 to the cases (b) and (a). Panels (c) and (d) show the relationship between the system closure W
at equilibrium (Eq. 14 for definition) and soil exploration e.
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Discussion
Conditions for the emergence of a strategy limiting
horizontal exploration of soil
The analysis of our two models leads to three necessary
conditions for a restricted exploration to be beneficial for
plants. First, there must be a tradeoff between soil exploration and nutrient cycling processes such as nutrient uptake
(uN), mineralization (mD) or the loss of soil available nutrients (lN) (Eq. 7). Second, soil ability to retain nutrients or
external inputs of nutrients must be ‘low’ (Eq. 16). Third,
the spatial dynamics between the unexplored and explored
areas must be ‘slow’ (Fig. 4).
Figure 4. The lateral spread maximizing biomass, eP, as a function
of lateral fluxes intensity m and tradeoff strength bUN. Lamto
parameter set was used for this figure. Low values of eP are obtained
for low values of m and high values of bUN.

illustrated in the case of the nitrogen cycle in Lamto savana
and the British grassland in Fig. 3a–b.
Effects of the spatial dynamics of soil exploration

Our second model was not analytically tractable and
no simple general conditions arose for a positive and
stable equilibrium. Figure 4 was obtained from numerical
simulations with Lamto parameters. It shows the plant
nutrient stock P* as a function of soil exploration e and
turnover rate m (Supplementary material Appendix 4).
In that case, the soil exploration value eP maximizing
plant biomass increased with the mortality/colonisation
ratio m and decreased with the tradeoff strength bUN
(Fig. 4).

Existence of occupation/exploration tradeoffs

A tradeoff between soil exploration and nutrient cycling rates
(such as nutrient uptake (uN), mineralization (mD) or the loss
of soil available nutrients (lN)) is necessary for a restricted
exploration of the soil to be beneficial. Our in-depth analysis
of nutrient uptake showed that the outcome of the model
also depends on the strength and the shape of the tradeoffs
considered. The hypothesis of a tradeoff between the size of
the foraging area and its control is common in the context
of plant competition (Aikio 2004). It applies, for example,
to the guerilla versus phalanx growth forms of clonal plants
(Harper 1980). For equal plant biomasses, plants with a
phalanx behaviour have a denser distribution of their ramets than guerilla plants (that spread over a large area) and
are consequently more competitive but over a smaller area
of soil. In this study, we enlarge the scope of this tradeoff
to plant–soil feedbacks affecting nutrient cycling. Several
studies have documented various nutrient cycling processes,
such as mineralization or nitrification, that are positively
or negatively correlated to root density (Lata et al. 2000,
Lambers et al. 2006, Shahzad et al. 2012). They support

Table 1. Meaning and units of variables and parameters for the two models.
Symbol
Variables

Parameters

Unit

plant
soil unavailable nutrient
soil available nutrients

in the area explored by plants

DU
NU

soil unavailable nutrient
soil available nutrients

in the unexplored area of soil

P
D
N
T
L

plant
soil unavailable nutrient
soil available nutrient
ecosystem total stock of nutrient
soil total nutrient losses

whole system scale

e
iD
iN
lP, lD, lN
uN
bUN

percent of soil surface explored by plants
total input to D compartments
total input to N compartments
loss rates
nutrient uptake efficiency
strength of the tradeoffs between soil
exploration and nutrient uptake efficiency
rate of litter deposition
mineralization rate
recycling coefficients
colonization rate (model 2)
turnover rate (model 2)

dP
mD
aD, aP
c
m
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Meaning/scale

PE
DE
NE

kg [nutrient] ha1

kg [nutrient] ha1 year1
none
kg [nutrient] ha1 year1
kg [nutrient] ha1 year1
year1
ha kg [nutrient]1 year1
none
year1
year1
none
year1
year1

the intuitive idea that sparser root systems control nutrient
cycling less efficiently than denser ones. Considering the vertical heterogeneities of roots, not studied here, may provide
an additional argument to support the exploration/occupation tradeoff hypothesis. Investing more into deep roots (at
the expense of horizontal exploration) may provide a mean
to minimize nutrient losses through leaching (Mareschal
et al. 2013).
The existence of exploration/occupation tradeoffs needs
to be confirmed by further studies, and the precise shape of
these tradeoff should be documented. Empirical confirmation of these tradeoffs can come from field studies that quantify root distribution at the whole plant scale and correlate
it to nutrient fluxes (Lata et al. 2000). The application of
indirect measurement of the zone of influence (Casper et al.
2003, Hartle et al. 2006) applied to both uptake and exudation processes may provide an alternative to the difficult
excavation of whole root systems.
In complement, more mechanistic modelling approaches
could also give a better insight into the functioning of plant–
soil feedbacks at different scales like the rhizosphere
(Hinsinger et al. 2009, 2011b) or the whole root system
(Darrah et al. 2006, Pagès 2011). In particular, models inherited from the Barber–Cushman approach (Raynaud et al.
2008, Raynaud 2010), that simulate absorption and exudation around individual roots should help to identify which
nutrients, and the conditions for which increased density
would lead to better absorption efficiency and lower nutrient losses . Such models could also contribute to determine a
more realistic shape for the tradeoffs we have hypothesized.
Nutrient cycling properties

The second condition that has been identified for a beneficial
restriction of soil exploration , i.e. a low mineral nutrient
availability, is verified when 1) nutrient inputs in the soil are
low and/or 2) soil recycling efficiencies or soil nutrient availability are low, e.g. for high leaching rates. This condition is
rather intuitive: if a soil is intrinsically nutrient rich, limiting
soil exploration deprives plants of a larger quantity of mineral nutrients. This condition also suggests that the importance of the exploration/occupation tradeoff will strongly
depend on the relative abundances of limiting nutrients,
their mobility within the soil solution, the respective root
uptake capacities or nutrient affinity to soil substrates. At
the moment, the N cycle is better documented than the P
cycle and future studies may well document mechanisms
that link root foraging strategies, root density and fluxes of
phosphorus, leading to the kind of tradeoffs hypothesized
here (Hinsinger et al. 2011a). The same approach could also
be applied to potassium that also appears to be an important
limiting nutrient in many tropical systems (Manning 2010,
Santiago et al. 2012). In general, condition (2) applies quite
well to many wet tropical soils, that tend to have low organic
matter content, low cation-exchange capacities and are subject to intense leaching (Sanchez and Logan 1992, Abbadie
et al. 2006).
Slow spatial dynamics of plant–soil interactions

The benefit of a restricted exploration increases with the spatial stability of the area of soil explored. Intuitively, such a
stability increases the benefits of controlling nutrient cycling

because locally increasing resource availability is more beneficial if plants exploit these local resources more continuously
in time. Spatial stability is a function of plant life history
traits: perennial plants explore the same volume of soil for
longer durations than annual plants, that are less susceptible
to benefit from the recycling of their own dead roots. This is
consistent with results pointing at the capacity of perennial
tropical grasses, that are probably very long-lived (Abbadie
et al. 2006), to control nutrient cycling (Abbadie et al.
1992, Yé et al. 2015). However, the spatial stability of soil
exploration can also be enhanced over generations by other
traits such as low dispersal or nursing effects that favour
recruitment of seedlings near the parent plants (Pugnaire
et al. 1996). Factors influencing plant or root mortality,
such as fire regimes, herbivory, or the presence of pathogens
(Hendriks et al. 2013) should also affect the spatial stability
of soil exploration.
Relevance of the exploration/occupation tradeoff in
the field
We listed in the introduction some hypotheses proposed
to explain the limitation of the horizontal extent of soil
exploration: structural constraints (Lynch and Ho 2005),
response to soil heterogeneities (Hodge 2004) or avoidance
of competitors (Schenk et al. 1999). These hypotheses do
not necessarily exclude each other and do not exclude our
hypothesis that exploration limitation is the consequence of
exploration/occupation tradeoffs. However the explanatory
power of each of these hypotheses to account for observed
roots distributions needs to be discussed, by considering
several of our simplifying assumptions.
Soil exploration and its quantification

Our parameter of soil exploration (e) quantifies soil
exploration at the scale of a population, considered in a
dynamic equilibrium. Moreover we hypothesized a clearcut distinction between the soil explored and unexplored
by plants. These assumptions result partly from the difficulty of building a simple model linking soil exploration
and nutrient cycling. The most direct application of this
framework to real plants is the case of perennial plants
with a clonal reproduction, with ramets either spread over
a large surface or concentrated in tufts (see the “Phalanx
versus Guerilla” metaphor; Lovett Doust 1981). In this
case, there is a correspondence between the above- and
below-ground biomass distribution (Abbadie et al. 2006)
and soil exploration is a direct consequence of the organization of individual ramets (Harper 1980). However,
applying this framework to other plants raises two important problems: 1) root distribution around individual
plants is generally continuous (Casper et al. 2003) and
obeys to architectural constraints (Lynch 1995) and 2)
root exploration at the scale of a population is a complex
outcome of plant demography and individual development, including complex plant–soil interactions at both
scales. To take these points into account, the efficiency of
a restricted soil exploration should be tested within a spatially explicit, individual-based approach, parametrized
by the shapes of zones of influence measured in the field
(Pecháčková et al. 2004, Hartle et al. 2006).
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The vast majority of vascular plants develop mycorrhizal
association with soil fungi that provide them an important
share of nutrients such as nitrogen or phosphorus (van der
Heijden et al. 2015). This point was not taken into account
explicitly by our model, but our hypothesis of a tradeoff
between exploration and occupation could be generalized to
that case. For example, mycorrhizal associations can enhance
the efficiency of nutrient cycling by minimizing nutrient
losses (van der Heijden et al. 2015), but its high carbon cost
may prevent plants from growing new roots.

in nutrient availability. 3) Test the model predictions for the
conditions leading to a beneficial restriction of soil exploration by comparing in many different ecosystems from different climate zones, overall nutrient availability, as well as the
horizontal root distribution of plants and the extension of
individual root systems.

Resource heterogeneities and inter-plant competition

In our model, restricted soil exploration not only enhances
plant nutrient stock, but also improves nutrient cycling at
the whole system scale (nutrient cycle closure W(e)). The
rate of nutrient loss from soil compartments (L*) is lowered
while soil unavailable nutrient stock (D*) is maximized. This
is consistent with the common observation of organic matter accumulation under tussock grasses (Derner and Briske
2001), which are used to increase fertility during fallows
(Somé et al. 2006).
Another, more direct, consequence of soil exploration
limitation is the creation of spatial heterogeneity, with
patches of soil densely explored by roots and others left unexplored. A point that should be analysed in further studies is
the contribution of this limitation of soil exploration to the
creation of islands of fertility, as often observed under perennial plants and tussock grasses (Wezel et al. 2000, Derner
and Briske 2001).
The conditions discussed above as well as our numerical applications suggest that the strategy of limited exploration applies quite well to perennial tussock grasses growing
within wet tropical or semi-arid desert soils, or more generally within ecosystems where balanced foraging strategies for
water and nutrients are more focused on nutrients. Compared to shrubs and trees, grasses are generally less able to
grow roots at long distance (Schenk and Jackson 2002) and
are thus less likely to benefit from large-scale heterogeneities
of soil resources. However, they have a high plasticity in
root proliferation. For example, Schwinning and Ehleringer
(2001) showed that grasses in arid ecosystems can adapt to
the type of water resource (pulse versus deeper soil water) by
switching from shallow to deep root systems. Reduced soil
exploration could also enhance, amongst others, plant ability to control microbial processes such as nitrification (e.g.
biological nitrification inhibition, Subbarao et al. 2006) and
contribute to a more conservative nitrogen cycling (Abbadie
et al. 1992, Yé et al. 2015).
Finally, reduced soil exploration could be an interesting trait for producing more nutrient-efficient crops, that
are needed to develop more sustainable agricultural systems (Weiner et al. 2010, Malézieux 2011, Subbarao et al.
2013). Although the measurement of below-ground traits is
more difficult than the measurement of above-ground traits
(Roumet et al. 2006), such traits could play an important
role in future selection of new varieties (White et al. 2013).
Our study suggests in particular that a balance will have to
be found between traits involved in soil exploration (e.g. specific root length) and the control of nutrient cycling (e.g.
BNI systems leading to low-nitrifying rates – Subbarao et al.
2013). We hypothesize that modern intensive agriculture has
so far more relied on the selection of crop varieties that are

A wide range of studies have shown how root distributions
adapt to the heterogeneities of soil nutrients and the presence
of competitors (Schenk et al. 1999, Hodge 2004). Competition between plant individuals has indeed been predicted
to influence the level of soil exploration plants should have
evolved (O’Brien et al. 2007): in some cases an extensive soil
exploration can be selected, which should lead to the overlap
of individual root systems and to continuous distributions of
root densities. These mechanisms are not taken into account
in our framework but are very influential for root foraging
strategies in the field. Plant territoriality (Schenk et al. 1999)
and preferential root proliferation within nutrient-rich
patches (Hodge 2004) are both plausible and complementary explanations for a restricted exploration of the soil. The
deposition of aboveground litter (Xu et al. 2013) and the
interception of litter and rainfall (Wezel et al. 2000) may
also contribute to the formation of below-ground heterogeneities.
Taken together, our model suggests that the limitation
of soil exploration can be beneficial when it allows to better
control nutrient cycling, but several other mechanisms are
already known to influence root distribution and soil exploration. All the involved mechanisms are complementary
and it may be difficult to disentangle the influence of each
mechanism in real cases. This may be overcome through an
experimental approach, where nutrient supply heterogeneity
and the presence of competitors can be controlled (Mommer
et al. 2011). With such an approach, plant ability to control
nutrient cycling may be assessed by providing nutrients in
a more or less available form. Plant investment in exploration vs. occupation could be measured more accurately by
measuring precise root traits such as root length density distribution or the investment in exudates production (Hodge
et al. 1996).
Next steps forward

To test thoroughly our model with experiments and data several steps are required. 1) Test the hypotheses of our model,
mainly to better document the general tradeoff we hypothesise between soil exploration and soil occupation, i.e. the
control on nutrient cycling as a function of root density. This
could be achieved by documenting at the same time, root
horizontal distribution, and links between root density and
nutrient cycling processes (e.g. mineralization, nitrification,
leaching) for several plant species or different genotypes of
the same species that have different horizontal root architectures. 2) Test experimentally how a restricted soil exploration for a given species is affected by the overall nutrient
availability, the intensity of competition, and heterogeneity
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efficient at soil exploration, i.e. uptake of mineral fertilizers,
and not on nutrient conservation. Our model gives more
arguments for the development of perennial cereals (Cox
et al. 2006) that would restrict soil exploration but increase
their control on nutrient availability because of their permanent dense root systems.
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