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Summary

� The common occurrence of mutualistic interactions between plants and root symbionts is

problematic. As the delivery of benefit to hosts involves costs to symbionts, symbionts that

provide reduced benefit to their host are expected to increase in frequency. Plants have been

shown to allocate preferentially to the most efficient symbiont and this preferential allocation

may stabilize the mutualism.
� I construct a general model of the interactive feedbacks of host preferential allocation and

the dynamics of root symbiont populations to evaluate the stability of nutritional mutualisms.
� Preferential allocation can promote the evolution of mutualism even when the cost to the

symbiont is very large. Moreover, the physiological plasticity of preferential allocation likely

leads to coexistence of beneficial and nonbeneficial symbionts. For arbuscular mycorrhizal

fungi, which facilitate plant uptake of phosphorus (P), the model predicts greater P transfer

from these fungi per unit carbon invested with decreasing concentrations of soil P and with

increasing concentrations of atmospheric CO2, patterns that have been observed in laboratory

and field studies.
� This framework connects physiological plasticity in plant allocation to population processes

that determine mutualism stability and, as such, represents a significant step in understanding

the stability and environmental patterns in mutualism.

Introduction

Mutualistic interactions are very common (Janzen, 1986), yet
simple expectations from evolutionary theory predict that they
should be rare. If benefit provided to a second species is delivered
at a cost to the first species, selection would favor individuals of
the first species that provide reduced benefit and thereby incur
less cost. The evolutionary result of this selection favoring ‘cheat-
ers’ would be the dissolution of the mutualism (Bever, 2002b;
Porter & Simms, 2014). Several classes of mechanisms have been
posited to allow the evolution of mutualism. However, none of
these mechanisms prove to be generally applicable across the
diverse array of mutualisms. In particular, horizontally transmit-
ted and promiscuous interactions, such as the mutualisms
between plants and soil microorganisms, remain a particular chal-
lenge to evolutionary explanation, despite being very common,
having important effects on ecosystem processes and having
evolved on many independent occasions (Hoeksema & Bruna,
2000; Wilkinson & Sherratt, 2001; Denison et al., 2003; Kiers
& van der Heijden, 2006).

Spatial structure created by limited dispersal can facilitate sta-
bility of mutualisms by increasing the frequency of contact
between mutually beneficial partners (Kinzig & Harte, 1998;

Bever & Simms, 2000; Mack, 2012). Yet, for many root symbi-
ont mutualisms, the symbionts are strictly horizontally transmit-
ted and form dynamic and ephemeral associations with multiple
hosts; as a result, the spatial structure alone does not explain the
high frequency and broad taxonomic range of mutualisms
between plants and soil microorganisms.

Models of partner choice find that mutualisms can be stabi-
lized when the host can discriminate between symbionts and
associate only with the mutualistic type (Bull & Rice, 1991; We-
isbuch & Duchateau, 1993; Noe & Hammerstein, 1994). Part-
ner choice requires that the hosts have prior ‘knowledge’ of the
symbiont’s benefit to the host. While this ‘knowledge’ has usually
been thought to result from the individual experience of a cogni-
zant organism, preferential association could also result from evo-
lutionary adaptations through which the host evolves the ability
to identify its best symbiont (Bull & Rice, 1991; Noe & Ham-
merstein, 1994). This mechanism, however, remains vulnerable
to invasion by ‘good partner’ mimics (Zee & Bever, 2014) and
therefore is not likely to be a general explanation for the persis-
tence of mutualism. Plant–symbiont signaling systems in arbus-
cular mycorrhizal (AM) fungi and rhizobium (Harrison, 2005;
Jones et al., 2007), for example, operate similarly during initia-
tion of symbioses with microbes of a wide range of potential to
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promote plant growth. In practice, plants associate with a diver-
sity of soil symbionts that vary in their growth promotion, and
experimental evidence does not indicate that plants consistently
differentially associate with beneficial symbionts, with many
studies showing the opposite pattern (Amarger, 1981; Bever,
2002b; Bennett & Bever, 2009; Heath & Tiffin, 2009; Sachs
et al., 2010; Wagg et al., 2011).

Several models demonstrate that plant-mediated sanctions,
which increase the death rates of microbial cheaters, can reinforce
mutualism of some root symbionts, including nodulating bacte-
ria (West et al., 2002) and ectomycorrhizal fungi (Hoeksema &
Kummel, 2003). While there is empirical evidence of the
potential for legumes to terminate ineffective nodules (Kiers
et al., 2003) and thereby sanction nonbeneficial bacteria, there is
little evidence of plant sanctions (i.e. increased microbial death
rates by host) policing ineffective symbionts within other mutual-
istic plant–soil microbe interactions. In arbuscular mycorrhizas
(AM), for example, fungal infection of plant roots can elicit a
plant defensive response in nonmycorrhizal hosts (Allen et al.,
1989), but there is no evidence that host defense is differentially
applied based on the rate of resource transfer. Preferential alloca-
tion of resources, which increases the growth rates of the most
beneficial mutualist, has recently been demonstrated and has
been shown to be important to the stabilization of the AM fungal
mutualism (Bever et al., 2009; Kiers et al., 2011) and to operate
in rhizobium (Simms et al., 2006; Sachs et al., 2010). While phe-
nomenologically similar to sanctions, preferential allocation does
not necessarily involve termination of relationships with less ben-
eficial microbial mutualists, and, in fact, the nonbeneficial mutu-
alists can reproduce within the host in spite of preferential
allocation toward a better symbiont (Bever et al., 2009).

In this paper, I develop a general model of preferential alloca-
tion to the most beneficial microbial mutualist, and its effect of
symbiont population dynamics and the stability of mutualism.
Preferential allocation as a process differs in several ways from
other mechanisms stabilizing mutualism. First, it requires the ini-
tial establishment of the symbiosis and initial investment by the
host before evaluation of the quality of the symbiont. This initial
investment makes the host particularly vulnerable to cheating
symbionts, because even if the plant allocates perfectly to the best
mutualist, the nonmutualist still benefits from the plant’s initial
investment, which is in contrast to perfect partner choice or per-
fect sanctions. Secondly, logically and empirically (Bever et al.,
2009), preferential allocation will not be perfect, again creating
opportunities for the proliferation of cheaters. And thirdly, for
nutritional mutualisms, the value of particular symbionts will
depend upon the plant’s nutritional demands, and therefore plant
investment in preferential allocation is expected, and has been
shown, to decline with a decline in plant resource (Zheng et al.,
2014) and with an increase in availability of the resource acquired
from the symbiont (B. Ji & J. D. Bever, unpublished). The feed-
backs between the rates of plant allocation to the mutualist and
the relative abundance of soil mutualists may stabilize mixed
populations of beneficial and nonbeneficial symbionts. This
physio-evolutionary feedback can generate predictions for the
direction of evolution of plant nutritional mutualisms as a

function of environmental factors, including across anthropo-
genic change.

Description

Essential features of the interactions of plants and root
symbionts

Plant–soil microbe mutualisms involve a phylogenetically diverse
group of microorganisms, including several lineages of bacteria
and fungi. These mutualisms increase plant access to many essen-
tial minerals, including water, phosphorus (P) and nitrogen (N).
Microbial symbionts, particularly N-fixing bacteria and mycor-
rhizal fungi, are widely regarded as critical to soil fertility and
ecosystem function. Soil organisms associate with plant roots in a
variety of ways including intracellular (e.g. AM fungi, N-fixing
bacteria and endophytic bacteria) and intercellular (e.g. ectomy-
corrhizal fungi) infection, as well as by growing on or near the
root surface (e.g. rhizosphere bacteria, actinomycetes). For ease of
discussion, I will refer to the collection of potentially beneficial
root or rhizosphere microorganisms as root ‘symbionts’.

Symbionts vary in their ability to promote plant growth. This
is known to be true in the well characterized systems, including
AM fungi (Bever, 2002b; Klironomos, 2003) and rhizobia
(Heath & Tiffin, 2009; Sachs et al., 2010; Bever et al., 2013;
Porter & Simms, 2014). Assuming that there is a cost to the soil
microbe for promoting plant growth, resources available for
growth of the microbe will be negatively correlated with resources
extended to the plant. For example, there is likely to be an ener-
getic cost to AM fungi for acquiring, transporting, and delivering
P to the host. As a result of these costs, one would expect a trade-
off between symbiont growth rate per unit carbon (C) and mutu-
alistic ability, as has been observed in AM fungi (Bever, 2002b;
Bennett & Bever, 2009; Bever et al., 2009) and rhizobia (Porter
& Simms, 2014). Given this tradeoff, the least beneficial symbi-
ont would have the highest rate of increase and the mutualism
would be expected to evolve toward parasitism in a well-mixed
system. Consistent with this expectation, communities of AM
fungi were observed to change in a manner that decreased benefit
to their host in the absence of spatial structure in their roots
(Bever, 2002a,b; Castelli & Casper, 2003; Bever et al., 2009).

Soil, however, is highly viscous, with soil organisms having
limited ability for dispersal. As expected, the composition of the
soil community is known to be heterogeneous over very small
scales, including scales of cm and mm (Mummey & Stahl, 2003;
Nicol et al., 2003; Nunan et al., 2003). This is also true for rhizo-
sphere- and root-inhabiting organisms. N-fixing bacteria and
ectomycorrhizal fungi, for example, associate with the plant at
spatially discrete sites, the nodules and root tip, respectively. AM
fungi infect the cortical cells of spatially separated short roots and
have also been observed to be structured on the scale of a single
plant’s root system (Bever et al., 1996) and finer (Wolfe et al.,
2007; Mummey & Rillig, 2008). Because of this spatial struc-
ture, the dynamics of root symbionts separated by a short
distance may be partially independent of each other. Population
dynamics in spatially structured environments have been shown
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to vary from those predicted in well-mixed systems (Durrett &
Levin, 1994; Molofsky & Bever, 2002) and spatial structure has
been shown to increase the likelihood of the evolution of mutual-
ism (Doebeli & Knowlton, 1998; Bever & Simms, 2000; Mack,
2012; Zee & Bever, 2014).

Individual plants, therefore, may interact with spatially discrete
soil communities, and they may do so in a physiologically inte-
grated manner. The behavior of plant roots penetrating different
regions of the soil matrix are not independent. Instead, the entire
root system can be responsive to the demands of whole-plant pho-
tosynthesis. The behavior of an individual root will then be a func-
tion of the physiological demand at the whole-plant level and the
relative ability of the other roots of that plant to meet this demand.
Within a heterogeneous soil matrix, plants can maximize their
growth rate by optimizing the allocation of resources to the roots
with the highest rates of acquisition of soil resources. Plants are
well known to have the ability to increase allocation to nutrient-
rich regions through secondary proliferation of roots (reviewed in
Caldwell, 1994; Fitter, 1994) and through increased allocation of
mobile C resources as evidenced by rapid and dramatic localized
increases in enzymatic activity in response to exposure to nutrients
(Robinson & Rorison, 1983; Burns, 1991; Jackson & Caldwell,
1991; Van Vuuren et al., 1996). Preferential allocation to the best
biotic source of soil resources has been observed in AM fungi
(Bever et al., 2009; Kiers et al., 2011) and rhizobia (Simms et al.,
2006; Sachs et al., 2010). Given the commonality with allocation
to nutrient hotspots, plants may be preadapted to preferential allo-
cation to the best root symbionts (Frederickson, 2013); however,
whether the original selective force favoring this ability was allocat-
ing to symbionts or resource hotspots cannot be differentiated,
given that early plants associated with AM fungi before the origin
of roots (Remy et al., 1994; Taylor et al., 1995).

Plant preferential allocation can have large impacts on the
dynamics of the root symbionts through promoting the fitness of
beneficial AM fungi and therefore the evolution of mutualism
where multiple symbionts are associated with individual plants
(Bever et al., 2009). However, preferential allocation is not a per-
fect mechanism as imagined in simple models. The host has to
invest in the symbiont, via signaling and construction costs of
symbiotic structures and via the initial investment in resource
exchange, before the plant has information on symbiont quality.
Also, at least some plants cannot allocate on the scale of individ-
ual infections when the symbionts are mixed within a root length,
thereby allowing nonbeneficial fungi to benefit from the plant’s
attempt at preferential allocation (Bever et al., 2009).

Finally, because the value of particular symbionts will depend
upon the host’s need for its nutrients, plant allocation to the sym-
biosis (Olsson et al., 2010) and preferential allocation to benefi-
cial symbionts, in particular, will be expected to decline with a
reduction in its physiological demand for resource for which it is
trading. As expected, preferential allocation to the most beneficial
AM fungus was observed to decline with increasing soil P (B. Ji
& J. D. Bever, unpublished) and with declining light (Zheng
et al., 2014). However, preferential allocation of legumes to the
best rhizobium did not decline with increasing soil N (Regus
et al., 2014).

Results

The stabilization of mutualism between plants and their
root symbionts

I developed the model in the context of the specific interaction
between plants and AM fungi. While AM fungi have been cred-
ited with benefiting plant growth through several mechanisms
and the benefit from AM fungi can be context-dependent (New-
sham et al., 1995; Reynolds et al., 2006; Sikes et al., 2009), the
major benefit of AM fungi is believed to be the facilitation of P
uptake (Smith & Read, 2008).

Population growth rates of the symbionts I imagined two fun-
gal types: a mutualistic fungus that effectively delivers P to the
plant and a nonmutualistic fungus that does not. These fungi
compete for two types of resources: C resources available before
preferential allocation and preferentially allocated C. The C avail-
able before preferential allocation might include saprophytic
growth (for ectomycorrhizal fungi) as well as C available through
roots during the initiation and evaluation of the symbionts.
I assume that the uptake and transfer of P to the plant is energeti-
cally costly. As a result, the mutualistic fungus has reduced fitness
relative to that of the nonmutualistic fungus. I set the basal
growth rate of the nonmutualistic fungus to 1, while that of the
mutualistic fungus is (1�b), with b representing the cost on pre-
preferentially allocated C (see Table 1 for a list of parameters).
The growth rate of the nonmutualistic fungus per additional unit
of C preferentially allocated by the plant is set to e, while that of
the mutualistic fungus is (1�d)e, with d representing the reduc-
tion in growth as a result of the cost of providing P to the plant.
While there is evidence of tradeoffs between mutualistic benefit
and growth rate in AM fungi (Bever, 2002b; Bennett & Bever,

Table 1 Description of model parameters

Parameters Biological meaning

M Proportion of mutualist symbionts
WM Fitness of mutualist symbionts
WN Fitness of nonmutualist symbionts
W Average symbiont fitness
f Fidelity of plant allocation to mutualist symbionts
b Cost of mutualism in basal growth rate including growth

on pre-preferential allocation carbon
d Cost of mutualism on preferentially allocated carbon
e Fitness of nonmutualist per unit of plant preferentially

allocated carbon
C Rate of preferential allocation of carbon to mutualist
Ĉ Rate of preferential allocation of carbon that equalizes

fitness of mutualist and nonmutualist
u Phosphorus uptake per unit of preferentially allocated

carbon received by mutualist
CM Preferentially allocated carbon received by mutualist
Ps Phosphorus availability in soil
C0 Minimum rate of carbon allocation to mutualist required to

meet plant phosphorus need
M̂ Equilibrium proportion of mutualists in the population
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2009; Bever et al., 2009), there is no evidence of a difference in
this tradeoff in growth rates on these two resources, so b may be
equal to d. However, in other systems, costs have been construc-
tively broken down into analogous terms (e.g. the carriage cost
and expression cost; Platt et al., 2012).

The access of these two fungi to the additional C preferentially
invested by the plant depends upon the rate of C allocation, C,
and the fidelity of this C to the beneficial fungus, f. This fidelity
of investment is likely itself to be a function of the spatial struc-
ture of the symbiont community (greater spatial structure, greater
fidelity), the morphological intimacy of the association (greater
intimacy, greater fidelity), and the physiological precision of
plant directed allocation. Here, I treat the fidelity of investment
as a parameter that can vary from a high of 1, where all of the C
is received by the mutualistic fungus, to a low of 0, where all of
the C is dispersed and is equally accessible to nonmutualists and
mutualists. As a result, the mutualist will benefit from all of the
allocated C, while nonmutualists will only have access to 1�f of
the allocated C.

The fitnesses of the nonmutualistic and mutualistic fungi,
then, are

WN ¼ ð1þ ð1� f ÞC eÞ Eqn 1

WM ¼ ð1� b þ ð1� d ÞC eÞ: Eqn 2

The nonmutualist has higher fitness at low concentrations of
C because of the cost of mutualism (b). As plant allocation to the
most beneficial mutualist increases, its fitness relative to that of
the nonmutualist increases, provided that the fidelity of alloca-
tion ( f ) is greater than the cost of mutualism in growth with
allocated C, d (Fig. 1). The evolution of mutualism is only possi-
ble when

f [ d : Eqn 3

The fitness of the two symbionts will be equal when the rate of
preferential allocation equals Ĉ , where

Ĉ ¼ b

eðf � d Þ : Eqn 4

The mutualist will have greater fitness when the rate of plant
preferential allocation is greater than Ĉ. Provided condition 3 is
met, this equilibrium value will be positive. Thus, the plant will
be able to direct the evolution of mutualism in its symbionts if
either the fidelity of its investment in the mutualistic fungus is
high or the cost of mutualism is low.

The proportion of mutualistic fungi among all fungi (mutual-
istic plus nonmutualistic fungi) in the population (or commu-
nity) is represented by the value M. The instantaneous rate of
change in the frequency of the mutualist type, M, is then a func-
tion of its relative growth rate, WM, and the average fitness of the
population,W ¼ M WM þ ð1�M ÞWN, and can be written as:

dM

dt
¼ M ðWM �W Þ

W
¼ M ð1�M Þððf � d ÞC e� bÞ

1� bM þ ð1� f þ ðf � d ÞM ÞC e
:

Eqn 5

Environmental dependence of C allocation to the mutual-
ism The evolutionary dynamic of symbionts depends upon the
rate of allocation by the plant to the mutualist. Plants allocate
resources toward nutritional mutualisms in proportion to their
need for the nutrient provided (Sprent, 1979; Smith & Read,
2008; Olsson et al., 2010). I assume that this need-based invest-
ment is specifically applied to the preferentially allocated C, as
has been demonstrated (B. Ji & J. D. Bever, unpublished; Zheng
et al., 2014). Total plant demand for P will be a function of its
supply of other essential resources, including light, water, CO2,
N, and other soil minerals (Miller et al., 2002; Johnson, 2010).
The ability of a plant to meet its demand for P via direct uptake
then depends on the concentration of soluble P in the soil relative
to these other essential resources, as well as root morphology and
physiology. When P is abundant relative to other soil resources
(e.g. N), the plant might be able to meet its demand by direct P
uptake and have little need of symbionts. By contrast, in a soil
that is poor in P relative to other nutrients, direct P uptake might
be insufficient to meet plant demand, which could lead to greater
need for mycorrhizas (Smith et al., 2011). With the total demand
by the plant for P being scaled to 1, the quantity (1� Ps) repre-
sents the P demand unmet by direct uptake, where Ps represents
the P available in the soil relative to the availability of other
resources and reflects environmental conditions as well as charac-
teristics of plant species.

I assume that plants allocate C resources, C, to the beneficial
fungus in proportion to the P demand, that is, that plants do not

Fig. 1 Relative fitness of mutualistic and nonmutualistic symbionts. Before
plant preferential allocation, the two symbionts can benefit from the
investment by the plant in the initiation, construction, and initial
evaluation of quality of the symbionts. The nonmutualistic symbiont has a
higher relative growth rate on the initial investment because of the cost of
the mutualism in the basal growth rate (b). The population growth rates of
both the mutualist (represented by the solid line) and nonmutualist
(represented by the dashed line) increase with increasing amounts of
carbon preferentially allocated to the mutualist, with the growth rate of
the mutualist being discounted by the cost of mutualism in symbiotic
growth (d) and the growth rate of the symbiont being discounted by the
fidelity of the plant’s investment in the mutualist (f).
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consume luxury concentrations of P (Kiers & van der Heijden,
2006) and that C not allocated to the mutualism can be produc-
tively invested in plant growth or other components of plant fit-
ness. As a result of this assumption, C will decrease with
increasing relative P availability in the soil, Ps, consistent with
empirical evidence (B. Ji & J. D. Bever, unpublished). The P
return for the C invested in the fungi is the product of the rate of
C being received by the mutualistic fungus, CM, and the rate of P
returned per unit C from the mutualistic fungi, u. P is assumed
to be exchanged at a constant rate per unit C preferentially
exchanged with the beneficial symbiont (consistent with observa-
tions of B. Ji & J. D. Bever, unpublished). The rate of C being
received by the mutualistic fungus is itself a function of the rate
of C investment, C, and the proportion of this C that reaches the
mutualistic fungus. From the definition of fidelity, a proportion f
of the C goes directly to the mutualistic fungus, and 1�f of the C
would go to the mutualistic fungus in proportion to its represen-
tation in the fungal population. This suggests that

CM ¼ C ðf þ ð1� f ÞM Þ: Eqn 6

However, as illustrated in Fig. 2, this relationship assumes that
the plant is successful at getting C to the mutualist fungus even
when the frequency of the mutualistic fungus is zero. This is not
biologically plausible. As the proportion of the mutualistic fun-
gus approaches zero, the plant would have to incur greater costs
in finding the fungus. This additional cost on the part of the
plant would bring the proportion of C that reaches the mutualis-
tic fungus to zero as the proportion of mutualistic fungus
approaches zero. I derive a second function that has this property
(Fig. 2) by weighing the accessibility of the C to the two fungal
types by the proportions of the two fungal types. This formula-
tion reduces to

C0
M ¼ C

M

1� f þ fM

� �
: Eqn 7

I use Eqn 7 for the remainder of the paper because of the
greater biological realism; however, I note that all of the general
conclusions of the paper (including the exact condition produced
in Eqn 9) hold true under the simpler Eqn 6.

The instantaneous rate of change in the rate of C invested in
all fungi, C, is

dC

dt
¼ 1� Ps � C

M

1� f þ fM

� �
u: Eqn 8

Interdependent dynamics of plant allocation and evolution of
mutualism Equations 5 and 8 present the codependence of the
rates of investment of the plant in the mutualism with the evolu-
tionary dynamics of the mutualism in the symbiont population. I
analyze these dynamics through inspection of their zero-change
isoclines. Eqn 4 is the zero change isocline for the symbiont
population. When C = Ĉ , the fitnesses of the mutualistic and
nonmutualistic fungi are equal and their proportions will not

change. Setting Eqn 8 equal to zero, I solve for the condition in
which the rate of change in C investment in the mutualism will
not change.

M ¼ ð1� f Þð1� PsÞ
Cu � f ð1� PsÞ : Eqn 9

Therefore, the C investment zero-change isocline is an asymp-
totic function between M and C (Fig. 3). As this function is only
biologically relevant whenM is between 0 and 1, it is not relevant
and must be truncated when C is less than C 0, where

C 0 ¼ ð1� PsÞ
u

: Eqn 10

Biologically, the value C 0 represents the minimum rate of
plant investment in mutualists sufficient to satisfy the plants’ P
demand. Lower concentrations of soil P and lower efficiency of P
transfer from mutualists necessitate greater minimum plant
investments in mutualists. Plant investment then has to increase
when the symbiont population includes nonmutualists as
described by Eqn 9.

The joint dynamics of the rate of plant investment and symbi-
ont composition depend upon whether the minimum investment
by the plant in the mutualist, C 0, is greater or less than the switch
point of relative fitness of the mutualist and nonmutualist, Ĉ.
When C 0 is greater than Ĉ (Fig. 3a), mutualists will fix in the
symbiont population. Substituting in Eqns 10 and 4, I identify
that this will occur when

f � ub

ð1� PsÞeþ d : Eqn 11

When this inequality is true, the system will equilibrate at
M = 1 and C = C 0 and the plant growth will be limited by P. This
equilibrium is stable.

The mutualistic symbiont, however, will not fix in the popula-
tion when C 0 is smaller than Ĉ, which occurs when the inequality
given in Eqn 11 is not true. In this case (Fig. 3b), C investment

Fig. 2 The relationship between the proportion of allocated carbon that
reaches the mutualist is presented as a function of the proportion of
mutualists in the population. Plot (a) presents the relationship derived from
the definition of the fidelity (Eqn 6), while plot (b) incorporates additional
costs to the plant of ‘finding’ the mutualists as they become rare (Eqn 7).
In both plots, f = 0.5. The latter relationship (plot b) is used in the
remainder of the article.
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will equilibrate at C = Ĉ, and substituting Eqn 4 into Eqn 9,
I derive the equilibrium proportion of mutualistic symbionts in
the population as

M̂ ¼ ð1� PsÞð1� f Þðf � d Þe
ub � ð1� PsÞf ðf � d Þe : Eqn 12

This equilibrium is still stable, but the system will oscillate
with declining amplitude during its approach to this equilibrium
(Vandermeer, 1973). This oscillation results from an inherent
time lag in the negative feedback process during which the symbi-
ont population evolves in response to the change in the plant’s
investment. With this time lag, a plant in P deficit associating
with a symbiont population with proportion of mutualists (M)
will increase its investment in the beneficial mutualist, potentially
increasing M beyond M̂ , thereby causing its investment in the
mutualist, C, to decline.

This model predicts that the proportion of mutualists will
increase with: increasing fidelity of investment in the symbionts
( f ); decreasing cost of mutualism, in terms of both the ‘basal’ and
‘supplemental’ growth rates (b and d); increasing overall dependence
of the fungal growth rates on the invested C (e); decreasing return
rates of nutrients (u); and decreasing concentrations of P in the soil
(Ps). However, these simple expectations will only hold for a limited
region of the parameter space where the inequality in Eqn 11 is
false. Once the fidelity of investment and conversion efficiency are
high enough, and the costs, return rate and soil P concentration are
low enough, the degree of mutualism will plateau at M = 1. These
relationships are depicted in Fig. 4.

Once again, the rate of return of P per unit C is given by the
product of the rate of C being received by the beneficial fungus,
CM, and the rate of P returned per unit C from the mutualistic
fungi, u. I then examine the efficiency of the return from the
symbiont at equilibrium as a function of the parameter values
(Fig. 5). Note that when the inequality given in Eqn 11 is true,
the efficiency reaches a maximum of u. If the inequality given in
Eqn 11 is false, the efficiency is a function of M̂ . These relation-
ships, depicted in Fig. 5, are in similar directions as identified for
the equilibrium proportion of mutualists (Fig. 4), except for the
nutrient return rate per unit C received by the mutualist (u). The
nutrient return rate has a negative effect on the equilibrial pro-
portion of mutualists (Fig. 3e), because the mutualistic symbiont
is able to meet the plant’s need with a smaller allocation of C
(Eqn 5). Therefore, the symbiont population equilibrates with
the mutualist at a lower frequency in the population (Fig. 4e).
Even though the equilibrium proportion of mutualists is reduced
with increasing rates of P return per mutualistic symbiont, the
plant continues to receive P at the same rate (Fig. 5e).

Discussion

Recent empirical work has demonstrated that plants can prefer-
entially allocate their resources to the most beneficial mutualists
(Simms et al., 2006; Bever et al., 2009; Sachs et al., 2010; Kiers
et al., 2011), much as has been previously demonstrated with
plant allocation to nutrient hotspots (Caldwell, 1994). This
model demonstrates that such preferential allocation can influ-
ence the direction of evolution of their root symbionts. Through
preferential allocation, an individual plant can alter the relative
growth rates of its various root symbionts, thereby increasing the
benefit it receives from the symbiont population or community.
At the same time, this mechanism will maintain mutualistic traits
in the symbiont population or community, even when the symbi-
ont endures a significant cost of mutualism.

One notable result of this model is that the beneficial and non-
beneficial symbionts are highly likely to coexist over a large range
of environmental conditions. This result stands in contrast to
other models of mutualism that assume a single dimension of
cost and benefit and do not represent the physiological plasticity
of host–symbiont nutritional mutualisms (West et al., 2002; Fos-
ter & Wenseleers, 2006). Here I identify that the host has to
invest in all symbionts before identifying which symbiont pro-
vides the best reward. Nonmutualists, by avoiding the costs of

(a)

(b)

Fig. 3 Phase plane diagrams of the proportion of mutualists in the
symbiont population and the rate of preferential allocation by the plant to
the mutualist. The solid lines represent the net zero-growth isoclines and
the arrows represent the direction of change over time. The rate of change
of the proportion of mutualists in the population of symbionts (M) is equal
to zero atM = 0,M = 1 and C = Ĉ (the solid upright line). The rate of
change in investment by the plant is equal to zero along the solid curved
line (Eqn 9). When Eqn 11 is true, the system will equilibrate atM = 1 and
C =C0 (a). When Eqn 11 is false, the system will equilibrate atM = M̂ and
C = Ĉ (b).
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resource acquisition and delivery, may enjoy a competitive advan-
tage on this initial investment. In fact, one might expect ‘cheaters’
to evolve which specialize in rapid colonization of new roots to
best capture plant investment in symbiosis initiation. Plant pref-
erential allocation will increase the abundance of mutualists, but
ironically, a high proportion of mutualists may generate a surplus
of P, thereby reducing the rate of plant allocation. This generates
a negative physio-evolutionary feedback which can stabilize a
diverse population of beneficial and nonbeneficial symbionts. In
fact, heterogeneous populations of symbionts that differ in their
growth promotion commonly occur in nature (Bever, 2002b;
Bever et al., 2009, 2013; Heath & Tiffin, 2009; Porter & Simms,
2014). The physio-evolutionary negative feedback in this model
is analogous to the negative community feedback generated by an
interspecific tradeoff because of the cost of preferential allocation
(Steidinger & Bever, 2014). In the present framework, the main-
tenance of variation in symbiont growth promotion is an
expected result of physio-evolutionary feedbacks between the
rates of plant allocation and the relative abundance of mutualists
in the symbiont population, not an evolutionary paradox (Heath
& Stinchcombe, 2014).

The accuracy of plant allocation to the most beneficial symbi-
ont depends upon many factors, including the physiology of
plant roots and the spatial distribution of the symbionts. Plants’
ability to influence the evolution of mutualistic traits in their
symbionts will increase with increasing spatially clumped distri-
butions of beneficial symbionts within the root system of an indi-
vidual host plant (Bever et al., 2009). The greater the precision of
plant root physiology in targeting the source of the nutrients, the
lower the need for spatial structure of the symbiont within the
root system. One might expect high fidelity within intimate asso-
ciations, such as those with N-fixing bacteria and mycorrhizal
fungi. However, nonbeneficial AM fungi enjoyed a competitive
advantage when mixed with beneficial fungi, but not when spa-
tially separated (Bever, 2002b; Bever et al., 2009). These findings
indicate that the host cannot effectively preferentially allocate at
the scale of an individual arbuscule. Similarly, legumes may not
be able to differentially allocate to genetically different bacteroids
within mixed nodules. In fact, this model predicts that the fidelity
of plant investment in mutualists would have to be very high to
explain the evolution of N-fixing symbioses, which entails a very
high energetic cost (Sprent, 1979; Sprent et al., 1987).

(a) (b)

(c) (d)

(e) (f)
Fig. 4 Equilibrium proportion of mutualist as
a function of model parameter values. (a–f)
The proportion of mutualist in the symbiont
population at equilibrium as a function of the
fidelity of investment (a), the cost of
mutualism in symbiotic growth (b), the cost
of mutualism in saprophytic growth (c), the
conversion efficiency of symbiotic carbon to
fungal population growth (d), the rate of
nutrient return per unit carbon from the
mutualist (e), and the amount of soil nutrient
(f). In all cases, the unvaried parameter
values are f = 0.6, d = 0.2, b = 0.3, e = 0.5,
u = 0.5 and Ps = 0.4.
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Specialized structures within roots, including nodules of N-fixing
bacteria and ectomycorrhizal root tips, may represent adaptations
by the plant for increasing the spatial structure of the symbionts,
thereby increasing the accuracy of their investments and their
influence over symbiont dynamics. An improvement in our
understanding of fine-scale plant root physiology will also
improve our understanding of the spatial precision to which
plants can allocate their resources.

The present model provides a heuristic demonstration of the
ability of preferential allocation by individual plants to overcome
the costs of mutualism in their root symbionts. In constructing
the model, the complexity within symbionts is reduced to two
types: one that does not benefit its host and a second that delivers
benefit at a maximal rate. I also assumed two simple costs of this
delivery rate. Of course, individual plants in nature interact with
populations and communities of symbionts that are more vari-
able than assumed within this model (and that vary in more than
three dimensions). Inclusion of this additional complexity would
likely alter the precise predictions of the model. A strength of the
present model, however, is in providing an illustration of the con-
sequences of simple assumptions and in providing qualitative
predictions for the directions of effects.

It is interesting in this context to note that the model predicts
that the evolution of mutualism is more sensitive to costs in
growth with allocated C (d) (Fig. 4b) than to costs in basal
growth rate (b) (Fig. 4c). In particular, the fidelity of plant alloca-
tion must necessarily be greater than the cost in symbiotic growth
(Eqn 3), setting real limits on the costs of symbiotic resource
acquisition and delivery. By contrast, the model predicts that a
mutualism can persist even if the cost of mutualism in basal
growth is complete (Fig. 4c). As costs in basal growth include
saprophytic growth, it is relevant to the observation that AM
fungi cannot grow in the absence of their hosts.

Relationship of preferential allocation to other hypotheses
for the maintenance of mutualism

The preferential allocation mechanism developed here is distinct
from other mechanisms through which hosts may influence the
evolution of mutualisms such as partner choice and sanctions.
Partner choice (Bull & Rice, 1991; Weisbuch & Duchateau,
1993; Noe & Hammerstein, 1994) assumes that one species asso-
ciates with a second species based on an evolutionary (or per-
sonal) history of successful associations. The hypothesis requires

(a) (b)

(c) (d)

(e) (f)

Fig. 5 The efficiency of mutualism at
equilibrium. (a–f) The dependence of the
efficiency of phosphorus uptake (uCM) at
equilibrium as a function of fidelity of
investment (a), the cost of mutualism in
symbiotic growth (b), the cost of mutualism
in saprophytic growth (c), the conversion
efficiency of symbiotic carbon to fungal
population growth (d), the rate of nutrient
return per unit carbon from the mutualist (e),
and the amount of soil nutrient (f). In all
cases, the unvaried parameter values are
f = 0.6, d = 0.2, b = 0.3, e = 0.5, u = 0.5 and
Ps = 0.4.
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specificity of association, for which there is limited evidence for
many root symbionts (Bever, 2002b; Bennett & Bever, 2009;
Wagg et al., 2011; Bever et al., 2013). The preferential allocation
mechanism does not require recognition of the symbiont, and
instead the plant is required to allocate to the best source of its
limiting resource.

Sanctions have been proposed to operate within N-fixing rhi-
zobia (Denison, 2000; West et al., 2002) and in ectomycorrhizal
fungi (Hoeksema & Kummel, 2003) and share important simi-
larities to preferential allocation. Under the sanctions hypothesis,
ineffective nodules or root tips senesce earlier than effective ones,
because the host actively sabotages the nonmutualistic symbiont
(Kiers et al., 2003). Conceptually, sanctions that increase less
beneficial symbiont death rates and preferential allocation, which
increases beneficial symbiont birth rates, share the important
commonalities of host control of microbial relative fitness and
both processes could simultaneously. The preferential allocation
mechanism has been shown to operate in legume nodules (Sim-
ms et al., 2006; Sachs et al., 2010). And preferential allocation is
more likely to operate across the wide range of plant–soil
microbe mutualisms, because resource allocation toward nutrient
hotspots is a well-established property of plant root systems
(Caldwell, 1994) and because some mutualists, including rhizo-
sphere bacteria, which occur on the surface of roots, and AM
fungi, which occur internal to roots, are not easily subject to
sanctions (Denison et al., 2003), but might still be responsive to
preferential resource allocation. Moreover, the preferential alloca-
tion framework lends itself to incorporation into a model of
whole-plant physiology, as has been done in the present paper.

Hoeksema and Kummel’s model of patch dynamics in ecto-
mycorrhizal root tips shares similarities with the present model in
that both spatial structure of the symbionts and host manipula-
tion are assumed to be important. The models differ in that
Hoeksema & Kummel (2003) more explicitly assume spatial
structure of the symbionts, while plant manipulation of patch life
span is implicitly assumed within manipulations of model param-
eters. In the present model, the spatial structure of the symbiont
population is an implicit factor within the fidelity parameter,
while preferential allocation is explicitly assumed. Explicit incor-
poration of spatial dynamics and preferential allocation would be
a logical next step to modeling dynamics between plants and
roots symbionts.

Prediction of environmental dependence of mutualistic
benefit

The present model is the first mechanistic model of the evolution
of mutualism that investigates the environmental dependence of
host allocation to the symbionts. Previous models have used an
economic market model to describe the environmental condi-
tions in which the mycorrhizal mutualism would benefit both
partners (Schwartz & Hoeksema, 1998; Hoeksema & Schwartz,
2003; Kummel & Salant, 2006; Grman et al., 2012; Wyatt et al.,
2014). While the economic market model identifies environmen-
tal conditions for the evolution of mutualism, it does not explain
the maintenance of mutualism in the face of cheaters. Similarly

models of partner negotiation predict the environmental depen-
dence of mutualism, but do not simultaneously explain cheater
control (Akc�ay & Simms, 2011). Our model shares similarities
with predictions of environmental dependence of mutualism and
cheater coexistence from a community model of mutualism that
includes a cost of preferential allocation (Steidinger & Bever,
2014). The present model builds from host physiological plastic-
ity to the simultaneous stabilization of mutualism in the face of
nonbeneficial cheating symbionts and predicts the direction of
evolution of the mutualism as a function of the environmental
gradients.

Plant preferential allocation to the best mutualist has been
shown to increase in proportion to soil nutrient need in AM
fungi (Zheng et al., 2014; B. Ji & J. D. Bever, unpublished).
More empirical work is needed to evaluate the generality of this
result, as preferential allocation in legume–N-fixing bacteria sys-
tem did not decline with increasing soil N (Regus et al., 2014).
The present model demonstrates that plasticity in the rates of
allocation can regulate the efficiency of mutualism. As a result of
this physio-evolutionary integration, the present model predicts
that the equilibrium degree of mutualism should increase as soil
resources become more limiting (Figs 4f, 5f). Conversely, with
fertilization, the level of symbionts should evolve toward reduced
mutualism. This clear prediction is strongly supported in the lit-
erature. For example, mycorrhizal fungi derived from soils with
high concentrations of P have reduced P uptake compared with
fungi derived from soils with low concentrations of P (Louis &
Lim, 1988; Boerner, 1990). Similarly, where water is limiting,
mycorrhizal fungal genotypes derived from drier sites were more
efficient at water uptake (Stahl & Smith, 1984). Note that if
regions differ in limiting soil resource, this model predicts that
the symbionts in each region would be best able to improve plant
growth in their native soils. This expectation of ‘local adaptation’
of microbes has been supported in a broad-scale survey of plant
response to soils and microbial communities (Lambert et al.,
1980; Johnson et al., 2010).

The prediction of reduced benefit as a result of fertilization is
also supported. In experimental manipulation of N concentra-
tions in an N-poor soil, AM fungal community composition was
found to have changed in a manner that reduced the benefit to
their hosts (Johnson, 1993; Corkidi et al., 2002). Similarly, fertil-
ization of soils, as in agriculture, has been repeatedly shown to
result in reduced efficiency of mutualistic mycorrhizal fungi and
N-fixing bacteria (Caldwell & Vest, 1970; Ham, 1980; Johnson
et al., 1997; Douds & Millner, 1999). Other sources of soil fertil-
ization, such as that caused by atmospheric N deposition, would
also be expected to result in reduced benefit from root symbionts.
It is interesting to note in this context that a consistent shift in
the composition of the mycorrhizal fungal community has been
observed in response to N deposition in southern California (Eg-
erton-Warburton & Allen, 2000); the present model predicts
that the direction of this effect is toward fungi that are less effec-
tive at facilitating N uptake.

Alternatively, anthropogenic increase of nonsoil resources such
as atmospheric CO2, would cause soil resources to be more limit-
ing (decreasing Ps), thus causing plants to increase allocation to
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root symbionts and thereby increasing the degree of mutualism.
Consistent with this expectation, Zheng et al. (2014) observed
increased preferential allocation to beneficial symbionts with
increasing light intensities. Experimental manipulations of atmo-
spheric CO2 have resulted in changes in the composition of the
mycorrhizal fungal community (Klironomos et al., 1998; Wolf
et al., 2003) and rhizobium populations (Montealegre et al.,
2000), and microbial changes have increased the benefit to host
plants (Klironomos et al., 2005), consistent with predictions of the
model. Moreover, the model identifies a propensity to overshoot
the equilibrium degree of mutualism in response to abrupt change,
owing to the time lag in symbiont population dynamics (Fig. 3b).
Such an overshoot in plant benefit was observed in an experimen-
tal manipulation (Klironomos et al., 2005). The magnitudes of
these oscillations, however, decrease over time, and the system
equilibrates at a single level of allocation and level of mutualism.
The improved efficiency of root symbionts in response to
increased atmospheric CO2 could contribute to the sustained
direct fertilization effects on plant growth observed in long-term
atmospheric CO2 fertilization studies (Drake et al., 2011).

In this work, I incorporated general features of the interactions
between plants and soil microorganisms into a model of the evo-
lution of mutualism in the root symbionts of plants. This model
can account for maintenance of the many mutualisms between
plants and soil microorganisms, even in the face of considerable
costs. The model also successfully predicts qualitative patterns
that have been observed in the distribution of mutualistic symbi-
onts along gradients of soil fertility. Moreover, this model inte-
grates physiological plasticity of plants with the evolutionary
response of root symbionts into a framework that predicts
responses of nutritional mutualisms to anthropogenic perturba-
tions and provides a basis for further investigations of these sys-
tems. Further empirical work is required to test the basic
assumptions and predictions of the model, including the environ-
mental patterns in efficiency of mutualism.
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