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Abstract

Niche construction can generate ecological and evolutionary feedbacks that have been
underinvestigated so far. We present an eco-evolutionary model that incorporates the
process of niche construction to reveal its effects on the ecology and evolution of the
niche-constructing agent. We consider a simple plant—soil nutrient ecosystem in which
plants have the ability to increase the input of inorganic nutrient as an example of
positive niche construction. On an ecological time scale, the model shows that niche
construction allows the persistence of plants under infertile soil conditions that would
otherwise lead to their extinction. This expansion of plants’ niche, however, requires a
high enough rate of niche construction and a high enough initial plant biomass to fuel
the positive ecological feedback between plants and their soil environment. On an
evolutionary time scale, we consider that the rates of niche construction and nutrient
uptake coevolve in plants while a trade-off constrains their values. Different evolutionary
outcomes ate possible depending on the shape of the trade-off. We show that niche
construction results in an evolutionary feedback between plants and their soil
environment such that plants partially regulate soil nutrient content. The direct benefit
accruing to plants, however, plays a crucial role in the evolutionary advantage of niche

construction.
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INTRODUCTION

Niche construction, which portrays organisms as active
agents that modify their environment rather than mere
passive entities selected by their environment, has received
increasing attention in ecology and evolutionary biology
during the last decade (Odling-Smee ez al 1996, 2003;
Laland & Sterelny 2006). Niche construction is described as
a process by which organisms, through their metabolism,
‘engineeting’ activities (e.g. burrows, nests) and habitat
‘choice’ (e.g. dispersal, immigtration), actively modify abiotic
and biotic features of their environment. By doing so, they
generate feedbacks with their environment that may operate
on both ecological and evolutionary time scales (Lewontin
1978; Odling-Smee ef al. 2003; Hastings ef al. 2007).

In its ecological dimension, niche construction is often
viewed as synonymous with ‘ecosystem engineeting’ (Jones
et al. 1994). Through their activities, organisms bring about
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significant, consistent and directed changes to the flows of
energy and matter in ecosystems (Jones e al. 1994, 1997).
Ecosystem engineering, however, is mainly focused on the
feed-forward ecological effects of engineering activities on
other species, and largely ignores feedbacks on the
‘engineet’, especially on evolutionary time scales. Niche
construction was originally introduced as an evolutionary
process that generates selection through an evolutionary
feedback between organisms and their selective environ-
ment (Lewontin 1978; Odling-Smee ¢z a/. 2003; Han et al.
2006). This evolutionary feedback is adaptive provided it
enhances the fitness of the organism that generates it (Free
& Barton 2007). Adaptive feedback gives the niche-
constructing agent the potential to regulate its own
environment (Odling-Smee ef al. 2003).

Theoretical studies of niche construction are in the very
beginning of their development. So far, the majority of
theoretical models that have been proposed to describe the
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basic mechanism of niche construction are based on two-
locus population genetic models, and confirm that niche
construction can significantly alter evolutionary patterns
(Laland e a/ 1999; Hui & Yue 2005; Han ef a/. 20006). But
we lack more realistic models that explicitly describe the
feedback mechanisms generated by niche construction, and
study their importance on ecological and evolutionary time
scales.

Plants provide numerous examples of niche construc-
tion. Therefore, they are ideal organisms to investigate its
causes and consequences. In terrestrial ecosystems, plants
can alter various soil properties (e.g. humidity, temperature,
fertility), and thus influence nutrient cycling (van Breemen
& Finzi 1998; Knops et al. 2002). In particular, plants can
modify nutrient mineralization, either through their litter
quality (Pastor e al. 1984) or even by creating favourable
abiotic conditions for decomposers under their canopy
(Cross & Schlesinger 1999). They can also modify nutrient
inputs in their local soil environment. Plant species that
enrich the soil with nitrogen via symbiotic or non-
symbiotic nitrogen fixation (Vitousek ez a/ 1987), or with
other nutrients via uplift from previously inaccessible soil
resources using deep roots (Berendse 1979; Chapin ef al.
1997) are some of the best known examples. But nutrient
input modification by plants can take on many other
forms. For instance, some tree species are very efficient at
retaining dry atmospheric inputs due to their large surface
area and aerodynamic resistance (Marcos & Lancho 2002).
Some shrub species alter airflow dynamics, and thereby
accumulate mineral-rich clay materials under their canopy
(Parsons e al. 1992)

In this article, we investigate the consequences of niche
construction for the ecology and evolution of its agent. We
use a simple ecological model proposed by Loreau & Holt
(2004) as a baseline model. This model desctibes a nutrient-
limited ecosystem with only two compartments, plants and
inorganic soil nutrient. We then incorporate the ability of
plants to modify the input of inorganic nutrient in the
ecosystem. In this respect, our model has some similarities
with that recently presented by Menge e# a/. (2008). Menge
¢t al’s model, howevet, is specifically focused on nitrogen
fixation, whereas ours is designed to explore the ecology and
evolution of niche construction much more generally. By
comparing the ecological and evolutionary dynamics with
and without niche construction, we analyse the conditions
under which the plant-driven environmental modification
becomes an important process. On an ecological time scale,
we explore how plants foster their own persistence through
a positive feedback generated by niche constructing
activities. On an evolutionary time scale, we highlight the
effect of niche construction on plants’ evolutionary dynam-
ics and the resulting adaptive regulation of the local soil
nutrient pool.

MODEL DESCRIPTION

We start with a simple model of a nutrient-limited
ecosystem (Loreau & Holt 2004). It comprises two
compartments, which describe the stocks of a limiting
nutrient in inorganic form in the soil (/V) and in plants (P)
(Fig. 1). A constant input of inorganic nutrient, /, replen-
ishes the soil nutrient pool through precipitation or dry
deposit, while the nutrient is leached out of the soil at a rate
en. Plants take up a quantity #(IV, P) of nutrient from the
soil per unit time. Plant litter decomposes, part of which is
recycled to the soil nutrient pool at a rate 7, while another
part is either lost from the ecosystem or made unavailable to
plants at a rate ep.

We assume for simplicity that plant nutrient uptake,
#(IN, P), is proportional to the amount of available nutrient
in the soil, V. We take into account the fact that plant
nutrient uptake may be limited by intraspecific competition
for other factors than the limiting nutrient (e.g. water, light)
when plant biomass is high (Clark ez a/ 2005). Accordingly,
plant nutrient uptake is described by the equation:

#INP
Tkt P (1)

where # is a parameter that measures plant nutrient uptake

#(N, P)

ability, and £ is a parameter that determines the strength of
plant limitation by other factors. When limitation by other
factors is weak, parameter £ is large, such that £ >> P and
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Figure 1 Flow diagram of the model system composed of a plant
compartment (P) and a soil nutrient compartment (V).
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eqn (1) becomes identical to the standard Lotka—Volterra
interaction term. When limitation by other factors is strong,
£ is small, such that £ << P and eqn (1) becomes a linear
donor-controlled function. Equation (1) may be viewed as a
special case of the more general consumption function
proposed by De Angelis ez a/. (1975) and Beddington (1975),
in which saturation of plant nutrient uptake at high nutrient
availability is assumed to be negligible because of strong
nutrient limitation. We did not include this saturation effect
because it considerably complicates the mathematical anal-
ysis of the model.

We now incorporate the ability of plants to add an
amount ¢(P) of nutrient to the system through their niche
constructing activities. However, only a fraction & of the
nutrient made available by niche construction directly
benefits plants and is incorporated into their biomass. For
instance, in savannas (Scholz ef 4/ 2002) and probably in
other tropical ecosystems, water and nutrients uplifted by
deep-rooted plants flow from shallow roots into the
surrounding soil. Therefore, we consider that the remained
fraction (1—a) of the nutrient coming from niche construc-
tion is added to the soil inorganic nutrient pool. One of the
limitations of Menge ¢# a/’s (2008) model was that nitrogen
fixation was density independent, which creates the possi-
bility of a boundless autocatalytic process leading to
unlimited growth of nutrient stocks. To avoid this unreal-
istic feature, we consider niche construction to be density
dependent. Density dependence represents a negative
feedback on niche construction resulting from other limiting
factors such as other resources and herbivory. As niche
construction increases plants’ biomass, their ability to
perform further niche construction becomes limited such
that

_[P
b+ P

«(P) (2)

where ¢ is the maximum rate of niche construction, and 5 is
its half-saturation constant. The following differential
equations then describe the dynamics of the plant—nutrient

system:
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RESULTS

Ecological dynamics

We analyse the dynamical behaviour of the plant—nutrient
system by setting eqns (3) to zero and examining their null
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isoclines in the (N, P) phase plane. We first investigate the
behaviour of the model when there is no niche construction
(.e. ¢ = 0). In this case, two cases of soil fertility need to be
distinguished (Loreau & Holt 2004): when
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the soil is fertile, whereas in the opposite case,
7 k(ep + 7
L Aot
N u

9

the soil is infertile compared with plant requirements
(Appendix S1, for more details). Combining analytical fea-
sibility conditions and graphical results from isocline analy-
sis, we obtain the following conclusions. Plants persist under
fertile soil conditions (Appendix S1.1 [A3]) as the system
then converges on an internal equilibrium point (Fig. 2a). In
contrast, under infertile soil conditions (Appendix S1.1 [A4]),
the only feasible equilibrium point is a boundary equilibrium
point leading to plant extinction (Fig. 2d).

When there is niche construction (¢ # 0), the complex-
ity of the dynamical system precludes a complete mathe-
matical analysis. We were able, however, to study its
behaviour analytically under a scenario of weak limitation of
nutrient uptake by other factors, yielding a Lotka—Volterra
interaction function (Appendix S1.2.i). The graphical anal-
ysis showed identical results in the general case; the
maximum rate of niche construction ¢ then modifies the
curvature and position of the P-isocline. Based on these
analytical and graphical results, we derive the following
conclusions.

In the case of a fertile soil environment

£ kao _ k !
M_ﬂ<w<—and520»

the system shows the same dynamical behaviour as without
niche construction, and plants persist (Fig. 2a). In the case
of an infertile soil, there are several sub-cases depending on
the value of the maximum niche construction rate,
¢ (Appendix S1.2.i [A8-A10]). For high values of the
maximum niche construction rate (¢ > ¢z), the P-isocline is
shifted to the left

£ £
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compared with the equivalent case without niche con-
struction (Fig. 2b). A stable internal equilibrium point
appears along with a boundary point. The boundary point in
this case is unstable, as opposed to the stable one without
niche construction. Therefore, the plant population persists
despite harsh soil conditions. For intermediate values of the
maximum niche construction rate (¢z < ¢ < g1)) and high
values of 4 and 4, niche construction is not sufficient to
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Figure 2 Isocline analysis of the plant-soil nutrient system in the case when there is niche construction (i.e. ¢ # 0). The zero isoclines are
formed by plotting d/N/dz = 0 (/V-isocline) and dP/dz = 0 (P-isocline), respectively. The growth rate of /Vis positive to the left side of its
zero-isocline and negative to the right side. The opposite holds for the sign of the growth rate of P. (a) Under fertile soil conditions the system
demonstrates the same dynamic behaviour as in the case without niche construction (¢ = 0 and P-isocline shifts to the intercept X). There are
two equilibrium points, an unstable boundary equilibrium and an internal stable equilibrium. (b) Under infertile soil conditions and for high
rate of niche construction, there are two equilibrium points, a stable interior and an unstable boundary point. (c) Under infertile soil
conditions and for intermediate rate of niche construction, two stable equilibrium points are possible (internal and boundary). An unstable,
internal, equilibrium also lies in between. Dotted lines represent dynamic trajectories for different initial conditions. A large initial plant
population size allows for plant survival; otherwise plants go extinct. (d) Under infertile soil conditions and for very low maximum niche
construction rate, the system demonstrates the same dynamic behaviour as in the case without niche construction (¢ = 0 and P-isocline shifts
to the intercept X). Only one unstable boundary equilibrium is possible. Filled circles indicate locally stable equilibria and an open circles

indicate locally unstable equilibtia. Zutercept values: X = @, Y = é

shift the P-isocline as much to the left as in the previous
subcase

z k(ep + 1)  kac < k(ep +7)

N u hu u

(Fig. 2¢). Consequently, two internal equilibrium points and
one boundary equilibrium point are feasible. The system
converges either to the upper internal equilibrium point or
to the boundary point depending on initial plant biomass
(Fig. 2¢). Finally, for low maximum rates of niche con-

struction, no intersection between the zero isoclines is
feasible, and thus plants go extinct (Fig. 2d).

Evolutionary dynamics

The theory of adaptive dynamics (Metz e al 1996; Geritz
et al. 1997) assumes that once ecological dynamics brings the
system to an ecological equilibrium, evolution takes place.
This theory describes evolution as a process of small
successive mutation steps. We follow this approach, and
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consider that the two main plant traits under direct plant
control coevolve: (i) the environment-altering trait, the
maximum niche construction rate, ¢, and (ii) the recipient
trait, the nutrient uptake ability, #, whose value depends on
feedback from natural selection in the ‘altered” environment.
In our evolutionary model, the fitness of a rare mutant with
strategy (6m, #m) is defined by its growth rate in the resident
population with strategy (¢, #):

1 dP, 7. y
Wm(fm,ﬂm,f, ﬂ) = =—N
ta—m
ep—r d/y+P*

where N* and P* are the nutrient and plant stocks,
respectively, at the equilibrium with the resident strategy
alone. The mutant population invades the resident popula-
tion if and only if its fitness is positive. The local selection
gradient is a vector, defined as

¢ _ (W OV
~ o On,

)
O =0yl =1

pointing in the direction of evolution.

Both the maximum niche construction rate, ¢, and the
nutrient uptake ability, #, have energetic and material costs.
Given that the energetic and nutrient contents of organisms
are bounded, a trade-off should constrain the values of these
traits. For example, the cost of nitrogen fixation compro-
mises the ability of nitrogen-fixers to produce roots to
appropriate soil nitrogen (Vitousek & TField 1999; Menge
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et al. 2008). Likewise, the investment of some plants in deep
roots limits their ability to efficiently consume nutrients
from the shallow soil pool (Callaway ez al. 2003).

As we are interested in the outcome of selection when
there is a trade-off between two traits, we use the powerful
graphical approach developed by de Mazancourt & Dieck-
mann (2004). Following their method, we first plot the
attainability boundary (A-boundary) and the invasibility
boundary (I-boundary) in the plane defined by the two
coevolving traits (Appendix S2, for more details). Evolution
proceeds in the direction of the local selection gradient and
along the trade-off curve; it stops at the point where the
local selection gradient becomes perpendicular to the trade-
off curve (evolutionarily singular strategy).

We can visualize graphically the different evolutionary
outcomes based on the shape of the trade-off function. A
convex trade-off represents a low start-up cost for niche
construction, but further investment in higher values of
niche construction involves an increasing cost to the
detriment of nutrient uptake ability. By contrast, a concave
trade-off represents a high start-up cost, but further
investment involves a decreasing cost (Fig. 3a).

Without niche construction

As in the case of ecological dynamics, we first study the
evolutionary dynamics of the system when there is no niche
construction. In this case, substituting the ecological
equilibrium values of the plant and soil nutrient stocks into
equation (5) yields:

(b) '

Uptake rate (#)

0.2 0.4 06 08 1

Maximum niche
construction rate (¢)

Figure 3 (a) Trade-off functions between niche construction rate (¢) and soil nutrients uptake rate (#). A convex trade-off represents a low
start-up cost for niche construction, but further investment to higher values of ¢ (from left to right on the horizontal-axis), involves an
increasing cost to the detriment of # (from top to bottom on the vertical-axis). A concave trade-off represents a high start-up cost for niche
construction but further investment to higher values of ¢ involves a decreasing cost to the detriment of #. (b) Evolutionary outcomes when
there is niche construction (i.e. ¢ # 0) for different trade-off functions. Thick solid lines represent trade-off curves. Parallel solid lines
represent A-boundaries, short dotted lines represent I-boundaries, thin arrows represent the selection gradient. Stars represent evolutionarily
singular strategies. A convex trade-off results in a continuously stable strategy (CSS); directional selection converges to the singular strategy
where evolution ceases, as the thick arrows indicate. A concave trade-off results in an invasible repellor; directional evolution diverges from
the singular strategy towards either very high values of ¢, if plants can afford the big start-up cost for niche construction, ot very high values of
#, in the opposite case, as the thick arrows indicate.
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W (1, ) = (ﬂ—mf1>(6’p+r). (5)

u

This equation shows that the mutant’s fitness is not affected
by soil parameters, but only by its nutrient uptake ability
relative to the resident.

With niche construction
When there is niche construction, the mutant’s fitness is
determined by an equation in which soil parameters come into
play along with other model parameters (Appendix S2 [B1]).
Plants modify their soil environment through niche construc-
tion, and the modified environment in turn affects their
fitness. In other words, an evolutionary feedback between
plants and soil emerges as a result of niche construction.
The graphical analysis of the evolutionary model shows
that several evolutionary outcomes are possible (Fig. 3b). If
the trade-off is convex, the singular strategy is evolutionarily
and convergence stable, resulting in a continuously stable
strategy (CSS). If the trade-off is concave then the singular
strategy is evolutionarily and convergence unstable, resulting
in an invasible repellor (i.e. evolution leads away from such a
singular strategy). In the rest of our analysis, we focus on the
case of a convex trade-off, for two reasons. First, this case
may be more realistic as it involves increasing costs for
higher values of niche construction and it generates stable
evolutionary dynamics. Second, a concave trade-off gener-
ates qualitatively similar results regarding the effects of
independent parameters on the outcome of evolution.

When the fraction of direct niche construction benefits
accruing to plants, 4, increases, the CSS shifts along the
trade-off curve towards higher values of ¢ and lower values
of # (Fig. 4). When the independent nutrient input, 7,
increases or soil when the nutrient leaching rate, ey,
decreases, the CSS shifts towards higher values of # and
lower values of ¢ (Fig. 4). In general, notice that plants adapt
to soil enrichment (in the form of either increased 7 or
decreased en) by decreasing their investment in niche
construction and increasing their investment in soil nutrient
uptake. Conversely, when the soil tends to impoverish
(decreased / or increased ey), plants respond to this
environmental change by investing less in soil nutrient
uptake and adding more nutrient into the system through a
higher rate of niche construction. These results indicate an
adaptive regulation of the soil nutrient level by plants.

This regulatory property is illustrated in Fig. 5, which
shows how the equilibrium soil nutrient stock changes as
the independent nutrient input, 7, increases. As / varies,
plants adjust the values of the two coevolving traits, which
are linked via the trade-off function. When 7 is small,
niche-constructing plants buffer, to a certain degree, the
soil nutrient stock against variations in nutrient input.
Their regulatory ability, however, attenuates with increasing
I, for reasons that we discuss later, and the soil nutrient
stock eventually wvaries linearly with the independent
nutrient input, as in the case without niche construction.
We obtain identical results when we vary the leaching
rate ex.
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Figure 4 Results of coevolution of niche construction trait (¢) and uptake rate (), when the fraction of direct benefit from niche construction
(a), the independent nutrient input (/) or soil leaching rate (ey) change. A convex trade-off between cand # is considered. Increasing parameter
1, or decreasing parameters @ ot ey (from left to right), alters the dynamics of the system; A- and I- boundaries become shallower and it results in
the shift of CSS toward higher values of # at the expense of lower values of «. The current figure has the same structure as Fig. 3.
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Figure 5 Graphical representation of the change of soil nutrients
stock at equilibrium (/V*) as the independent nutrient input rate (/)
changes. Plants adjust the values of coevolving traits ¢ and #
according to a convex trade-off function that tesults in a CSS.
When there is niche construction, plants respond adaptively to the
change of /. When, there is no niche construction plants do not
show any adaptive response to the change of /. Used trade-off
function: # = —=1.32 & + 0.1 ¢+ 0.45. Solid line represents the
case when there is niche construction and the dotted line
represents when there is no niche construction.

DISCUSSION

Niche construction transforms the ecological and evolu-
tionary dynamics of its agent. We have explored these
ecological and evolutionary feedbacks using a simple
ecological plant—nutrient ecosystem model that incorporates
both population dynamical and mass-balance constraints,
and that includes the ability of plants to enhance the input
of a limiting nutrient to the system. Menge e al. (2008)
recently made a first step in that direction by adding the
ability of plants to modify nutrient input in a similar model
system, but they focused on the special case of nitrogen
fixation. Our model seeks greater generality as it accom-
modates vatious cases of input modification, it incorporates
saturating effects of plant density on niche construction and
soil nutrient uptake abilities, and it sheds light on generic
ecological and evolutionary features of niche construction.
We now discuss how our model improves our understand-
ing of niche construction, and of the functioning and
evolution of ecological systems.

Ecological consequences

On an ecological time scale, positive niche construction
s > P
generates new equilibrium points that would otherwise be
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unfeasible. Our ecological model shows niche construction
to be particularly important under harsh soil conditions.
When plants grow on a nutrient-poor soil, they can foster
their own persistence through a positive feedback caused by
their environment-altering activities. Plants increase nutrient
supply through niche construction, leading to a higher
population size, which can further increase nutrient supply.
Positive feedback mechanisms between primary producers
and environmental conditions have been identified for a
wide variety of systems, especially for plants (Wilson &
Agnew 1992).

Our model also demonstrates the importance of the
intensity of niche construction on ecosystem dynamics. At
high rates of niche construction, the plant population always
reaches a feasible, stable equilibrium. For intermediate rates
of niche construction, multiple stable states are possible. In
this case, plants’ persistence depends on their initial
population size, and not on the initial inorganic soil nutrient
stock (see Fig. 2¢). A large initial population size can create
the necessary conditions for plant survival by amplifying the
positive feedback mechanism that is generated by niche
construction; otherwise the plant population goes extinct.
Various mathematical studies have shown that positive
feedback between plants and their environment may induce
alternative stable states for the vegetation-soil system
(Rietkerk & van de Koppel 1997; van de Koppel ef 4l
2001). The presence of alternative stable states also implies
sensitivity of the system to perturbations. For instance, a
human-induced decrease in plant abundance might push the
system into the basin of attraction that leads to the collapse
of the plant population. These theoretical predictions agree
with the fact that plant strategies such as nitrogen fixation,
deep-rooting systems (Canadell ¢z a/. 1996) and retention of
nutrients by canopy (Miller e o/ 1980) are important
ecological mechanisms that permit them to thrive in
nutrient-poor ecosystems. Finally, low rates of niche
construction do not allow plants to improve their fate
under harsh soil conditions.

Evolutionary consequences

On an evolutionary time scale, we considered directional,
frequency-dependent coevolution of two plant traits: the
maximum niche construction rate, ¢, and the soil nutrient
uptake rate, # In the absence of niche construction (¢ = 0),
we showed that the fitness of a mutant, and consequently
the outcome of its competition with the resident plant
strategy, is independent of soil-related parameters.

Our evolutionary model reveals an evolutionary feedback
between niche-constructing plants and their soil environ-
ment. In this respect, it differs from Menge ¢f a/l’s (2008)
model, in which abiotic soil parameters (such as 7 and ey)
played no role in the evolution of N-fixation. In our work,



Letter

Niche construction and its consequences 1079

plants modify their soil environment, which in turn
enhances their fitness, thereby generating an adaptive
feedback. This difference is attributable to the saturation
of plants’ ability to petform niche construction, in our
model. Our model further predicts different evolutionary
outcomes depending on the shape of the trade-off between
the two coevolving traits. When the trade-off is convex,
implying an increasingly costly mechanism of niche con-
struction, it results in an evolutionarily and convergence
stable strategy (CSS). The end point of evolution is a
strategy that allows plants to exploit a combination of the
soil resource and the resoutce generated by niche con-
structing activities. When the trade-off is concave, implying
a decreasingly costly niche construction, the end point of
evolution is an unstable strategy (i.e. an invasible repellor).
Eventually, plants diverge towards a strategy that involves a
more intensive exploitation of either the soil resource or the
resource generated by niche construction. These results
agree with previous theoretical studies on the evolution of a
species that exploits two resources but faces a trade-off in its
ability to exploit these resources (Levins 1963; Abrams
1986; Rueffler e al. 2000).

Our evolutionary model predicts that an increase in the
direct benefit of niche constructing activities to plants, 4,
results in selection for higher values of the maximum niche
construction rate, ¢, and lower values of the nutrient uptake
rate, #. By investing more energy and nutrients in niche
construction, plants replenish the soil with the limiting
nutrient, which may eventually become available to potential
invaders. The higher the direct advantage to the niche-
constructing plants, the less vulnerable they are to invasion
by ‘cheaters’ that are able to consume the available soil
nutrient without cost. Some studies on the evolution of
facilitation, and in particular of nitrogen fixation, (Vitousek
& Howarth 1991; Vitousek & Field 1999), suggest that the
benefit must be high enough for the process to be
evolutionary advantageous. Parameter « deserves more
attention and further investigation for the different cases
of input modification.

When the soil becomes more nutrient poor as a result of
either a decrease in the independent nutrient input, 7, or an
increase of leaching rate, ey, evolution favours a higher rate
of niche construction and a lower rate of soil nutrient
uptake; the result is reversed when soil fertility increases.
This conclusion agrees with the experimentally observed
ability of nitrogen-fixers to regulate, through a trade-off, the
extent to which they rely on fixed N vs. soil N on ecological
time scales depending on soil conditions (Peoples &
Craswell 1992). When intermediate levels of soil N are
available, legumes rely on a combination of fixed and soil N
(Neyra 1978), while N fixation in many legumes ceases at
high soil nitrate concentrations (Marschner 1995). An
analogous mechanism has been suggested to explain the

dominance of shallower root systems in nutrient-rich soils,
and of deeper roots in nutrient-poor soils (Becker e al.
1999), as well as in other forms of niche construction that
do not involve nutrient input modification. For instance,
plants tend to invest in either their ability to modify nutrient
mineralization via litter quality or their growth ability to
adapt to different soil conditions (Berendse 1994; Aerts &
Chapin 2000).

This adaptive response of niche constructing plants to
changes in their external environment, as illustrated in Fig. 5
by a change in /, results in the emergence of a regulatory
process on evolutionary time scales. We showed that plants
tend to regulate the amount of available soil nutrient
through their adaptive dynamics, although only for relatively
low levels of soil fertility. When nutrient input is too high,
their control over the soil nutrient pool tends to vanish
because their ability to consume the soil nutrient is a
saturating function of their biomass. As the soil is
replenished with a higher independent nutrient input, it
supports a higher plant biomass. When plant biomass is
high enough, the nutrient consumption by the plant
population becomes approximately a linear donor-con-
trolled function of the amount of soil nutrient (see Model
description). As a consequence, plants stop controlling the
soil nutrient. Several authors used detailed process-based
models to describe the coupled dynamics of nitrogen fixers
and non-fixers (Schwinning & Parsons 1996; Tyrrell 1999;
Lenton & Klausmeier 2006). They showed that these
systems are strongly self-regulated with respect to nitrogen,
although in this case, regulation results from changes in
species abundances instead of evolution. Jobbagy & Jackson
(2004) also showed empirically how plant uplift of heavy
minerals from deeper soils regulate their availability at the
soil surface as a result of decades of succession of deep and
shallow-rooted plants.

CONCLUSIONS AND PERSPECTIVES

Niche construction is a significant force that changes the
abiotic environment, and hence the ecology and evolution
of its agent. Our model reveals the ecological and
evolutionary feedbacks generated by positive niche con-
struction, and their properties. We urge theoreticians to
explicitly address these feedbacks in future ecological
models. The emergence of an adaptive environmental
regulation, given simple trade-off between niche construc-
tion and resource exploitation, is a noteworthy outcome of
niche construction.

Our model offers a simple, general platform for studying
different cases of nutrient modification by plants within the
broader framework of niche construction. An exciting
future challenge for experimental ecology and evolution will
be to test the efficiency of the ecological and evolutionary

© 2008 Blackwell Publishing Ltd/CNRS
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feedbacks generated by niche construction and the sensi-
tivity of plants’ adaptive responses to natural and human-
induced changes in the soil environment. Understanding the
ability of plants to regulate soil nutrients may also be of high
interest to ecosystem managers and agronomists aiming at
sustaining soil nutrients at a desired level.
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