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Mutualism is common in nature and is crucial for population dynamics, community 
structure, and ecosystem functioning. Studies have recently pointed out that 
life-history stage structure (e.g., juveniles and adults) is a key factor to better 
understand the ecological consequences of mutualism (termed stage-structured 
mutualism). Despite the potential importance, little is known about what kinds 
of stage-structured mutualism can evolve and when it is likely to occur. Here, 
we theoretically investigated how a mutualistic partner species should allocate 
efforts of mutualistic associations for different life-history stages of its host 
species to maximize its fitness. We assessed the partner’s optimal strategy by using 
a one host–one partner model with the host’s juvenile-adult stage structure. The 
results showed that different forms of stage-structured mutualism can evolve, 
such as juvenile-specialized association, adult-specialized association, and inter-
stage partner sharing (i.e., the partner associates with both the juvenile and adult 
stages of the host) depending on the shape of association trade-off, i.e., how 
much association with one stage is weakened when the partner strengthens its 
association with the other stage. In general, stage-specialized association (either 
juvenile-specialized or adult-specialized association) tends to evolve when being 
associated with that stage is relatively beneficial. Meanwhile, when the association 
trade-off is weak, inter-stage partner sharing can occur if the mutualistic benefits 
of juvenile-specific and adult-specific associations are sufficiently large. We also 
found that when the association trade-off is strong, alternative stable states 
occur in which either juvenile-specialized or adult-specialized associations 
evolve depending on the initial trait value. These results suggest that pairwise 
interspecific mutualism is more complicated than previously thought, implying 
that we  may under-or overestimate the strength of mutualistic interactions 
when looking at only certain life-history stages. This study provides a conceptual 
basis for better understanding the mechanisms underlying ontogenetic shifts of 
mutualistic partners and more complex mutualistic networks mediated by the 
life-history stages of organisms and their stage-structured interactions.
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1. Introduction

Mutualism, a cooperative association between different species, is 
one of the major interaction types in nature and is crucial for 
ecological dynamics and evolutionary processes (Bascompte and 
Jordano, 2014; Bronstein, 2015). It also plays an important role in 
applied ecological fields of biodiversity conservation and agricultural 
management (Gianinazzi et  al., 2010; Albrecht et  al., 2014). For 
understanding how mutualism works in nature, it is crucial to 
accurately describe the network structure of mutualistic association 
and identify key mechanisms underlying it. In mutualistic networks, 
there is a process called partner choice that has been extensively 
studied (Bshary and Grutter, 2002; Simms and Taylor, 2002; 
Biedermann and Kaltenpoth, 2014; Werner and Kiers, 2015; Chomicki 
et  al., 2016; Younginger and Friesen, 2019). This process involves 
selecting one or more association partners from a group of potential 
candidates, with the goal of maximizing one’s own fitness. Partner 
choice is a significant factor in determining the overall structure of 
mutualistic relationships.

Another important factor determining the structure of mutualistic 
relationships is stage structure (including age-and body size-structure; 
Skelton et al., 2014, 2016; Thomas et al., 2016; Ke and Nakazawa, 2018; 
Nakazawa, 2020; Nakazawa and Katayama, 2020). The concept of 
“stage-structured mutualism” is that the nature of pairwise 
interspecific mutualism changes qualitatively and quantitatively 
during the ontogenetic development of individuals. Indeed, many 
studies have reported that species are often associated with different 
mutualistic partners at different life-history stages (termed ontogenetic 
partner shifts; Nakazawa, 2020). Examples are abundant including 
nutritional mutualism between microbes and plants (Baudoin et al., 
2002; Husband et al., 2002; Mougel et al., 2006; Houlden et al., 2008; 
Micallef et  al., 2009; Chaparro et  al., 2014; Sugiyama et  al., 2014; 
Horton, 2015; Oono et  al., 2015), nutritional mutualism between 
microbes and insects (Koga et al., 2003; Dillon et al., 2010; Stoll et al., 
2010; Duguma et al., 2015; Johnston and Rolff, 2015; Shukla et al., 
2016; Ali et al., 2019), defensive mutualism between ants and plants 
(Heil and McKey, 2003; Palmer et al., 2010; Quintero et al., 2013; Heil, 
2015), and cleaning mutualism between cleaner and recipient animals 
(Skelton et al., 2014, 2016; Thomas et al., 2016; Vaughan et al., 2017; 
Quimbayo et al., 2018). These examples indicate that partner choice is 
a stage-specific process (see Nakazawa, 2020 and references therein 
for details). At present, however, little is known about how partner 
choice can form stage-structured mutualism, because previous studies 
of partner choice have typically considered that mutualism occurs 
between homogeneous species without stage structure (Bascompte 
and Jordano, 2014; Bronstein, 2015).

Suppose that one species has a life-history stage structure (e.g., 
juvenile and adult stages) due to a larger body size and a longer 
lifespan than the other species in a pairwise interspecific mutualism 
while the other smaller and shorter-lived species does not have it; 
hereafter we call them host and partner, respectively, for convenience. 
In their stage-structured relationship, the non-structured partner 
would allocate mutualistic association efforts, i.e., any forms of costs 
incurred to maintain the mutualistic relationship (e.g., nutrient 
provision by microbes to host plants), for different life-history stages 
of the host. One may intuitively expect that the partner would allocate 
more association efforts for more beneficial stages of the host. 
However, it is uncertain whether the partner should allocate all 

association efforts for the most beneficial stage or more evenly allocate 
association efforts for multiple stages depending on their relative 
benefits because indirect mutualistic benefits may arise due to 
dynamic changes in stage distribution. It is important to study such 
an issue because it provides a mechanistic basis to describe mutualistic 
networks mediated by the life-history stages of organisms and their 
stage-structured associations. If the partner allocates all association 
efforts only for the most beneficial stage of the host, it can lead to an 
ontogenetic change in their mutualistic relationship. By contrast, if the 
partner allocates association efforts for multiple stages of the host, it 
obscures their stage-structured relationship (termed ontogenetic 
partner sharing; Nakazawa, 2020). Considering the common 
occurrence of ontogenetic partner shifts (see above), we  are 
particularly concerned with the former situation.

In this study, we  analyze a mathematical model to assess the 
optimal effort allocation of the mutualistic partner in stage-structured 
mutualism from the evolutionary viewpoint. As an initial study, 
we  consider the simplest situation, that is, a pairwise mutualistic 
relationship in which one species (host) has a juvenile-adult stage 
structure and the other species (partner) associates with the juvenile 
and/or adult stages of its host species. As such, the partner species 
determines which or both of life-history stages of the host to associate 
with and how strongly to do it. We  then investigate under what 
condition stage-specific association can evolve. The model is simple 
but potentially applicable to a wide range of stage-structured 
mutualisms (e.g., nutritional mutualism between microbes and 
insects; see above for other examples) while providing a mechanistic 
basis to better understand the mechanisms underlying ontogenetic 
partner shits and more complex mutualistic network mediated by the 
life-history stages of organisms and their stage-structured interactions.

2. Methods

We consider a one host–one partner system in which the host 
species has a juvenile–adult stage structure and the partner species is 
non-structured and improves juvenile maturation (growth) and/or 
adult reproduction of the stage-structured host (Figure 1A). While 
we are interested in adaptive evolution of mutualistic association effort 
allocation in the partner species, we  start with developing an 
ecological model to describe the host-partner population dynamics 
rather than assuming static population abundances because the 
partner’s adaptive strategy can affect the host’s stage distribution via 
ontogenetic development on the ecological time scale which may in 
turn feedback on the partner’s evolution. The ecological model is 
formulated as follows:
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where Hi and P are the abundances of the juvenile (i = J) or adult 
(i = A) host and non-structured partner, respectively. The 
parameter ri is the host’s basic maturation (i = J) or reproduction 
(i = A) rate (Nakazawa, 2020; Nakazawa and Katayama, 2020), 
which increases by BiP (i = J, A) because of its association with the 
partner. Meanwhile, the partner has an intrinsic population 
growth rate rP, which increases by BPi (i = J, A) because of its 
association with the juvenile and/or adult host. The host and 
partners are facultative when ri or rp is positive, and obligate when 
it is zero. When it is positive, the model assumes that the host and 
partner are supported by other species not explicitly considered 
in the model, and their abundances are largely constant 
independent of the focal system. Note that BiP and BPi are the net 
benefits after accounting for the costs of mutualism. For simplicity, 
we  formulate BPi = αiBiP (i.e., the benefits for the partner are 
proportional to those for the host), where αi is the scaling 
coefficient. The partner allocates association efforts XJ and XA for 
the juvenile and adult host, respectively. More specifically, 
we assume that an increase in the association of the partner with 
the juvenile host decreases its association with the adult host as 
XA = (1 − XJ)q, where the parameter q determines the shape of the 
trade-off between stage-specific associations (Figure 1B). When 
q < 1, the juvenile-specific association decreases the adult-specific 
association slightly, which biologically means that the partner can 
provide sufficient rewards to both stages. In other words, the 
inter-stage competition for rewards provided by the partner 
(termed mutualistic niches; Peay, 2016) is weak within the host 
species. Conversely, when q > 1, the juvenile-specific association 
decreases the adult-specific association substantially, which means 
that the partner cannot provide sufficient rewards to both stages 
because the inter-stage competition for rewards provided by the 
partner is strong within the host species. We a priori assume that 
both juvenile-and adult-specific associations are positive or 
neutral (i.e., Xi ≥ 0), as we are interested in allocating mutualistic 
association efforts (see Nakazawa and Katayama, 2020 for 

stage-specific parasitism). We do not consider the situation where 
there is no relationship between the host and partner species (i.e., 
XJ = XA = 0) because the situation is out of the scope. The partner 
species exhibits logistic growth in the absence of the host due to 
limited amounts of resources. Thus, the partner has the density-
dependent death rate and its carrying capacity in the absence of 
the host is rP/dP. Likewise, juvenile and adult hosts also compete 
for limited resources, and thus they have density-dependent death 
rates dij (i, j = J or A). High values of dij indicate that the stage i has 
a strong negative effect on the stage j. It is natural to assume that 
the adult stage is more competitive than the juvenile stage (i.e., 
dJA < dii < dAJ). The default parameter values are ri = 1, rP = 0 (i.e., 
the mutualistic partner cannot persist without the host species), 
dii = dP = 0.05, dJA = 0.01, dAJ = 0.1, and αi = 1 (i = J, A).

Next, we consider the evolutionary dynamics of the stage-
specific association effort Xi based on the ecological model 
developed above. To obtain robust predictions on the optimal 
mutualistic association Xi*, we  use two analytical tools of 
evolutionary ecology, that can be applied along with population 
dynamics models: (a) quantitative genetic approach (Abrams, 
2001; Yamamichi et  al., 2019), and (b) evolutionary invasion 
analysis (Metz et  al., 1992; Geritz et  al., 1998). The two 
approaches differ mainly in their assumptions regarding the time 
scales of ecological processes and adaptive evolution as well as 
the possibility of evolutionary branching (Abrams, 2001; Nowak 
and Sigmund, 2004). The former approach considers that 
population dynamics and evolutionary dynamics occur in the 
same time scale where the stage-specific allocation Xi 
dynamically evolves with the host-partner population dynamics. 
Meanwhile, the latter approach generally considers that 
population dynamics is much faster than slow evolutionary 
dynamics. To further evaluate the robustness of predictions, 
we also perform sensitivity analysis by varying one parameter 
while fixing the others to the default values for both 
analytical approaches.

FIGURE 1

Conceptual illustration of the model. (A) The host species has a juvenile–adult stage structure (HJ and HA) and the partner species P increases the 
maturation and reproduction rates of the host. (B) The adult-specific association effect XA is a decreasing function of the juvenile-specific association 
effort XJ. The more the partner associates with the juvenile host, the weaker the association with the adult host. The parameter q determines the shape 
of the trade-off between stage-specific associations. The association trade-off is weak (concave) when q < 1, neutral (linear) when q = 1, and strong 
(convex) when q > 1. For presentation, q = 0.2 (concave), 1 (linear), and 5 (convex) in (B).

https://doi.org/10.3389/fevo.2023.1138138
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Nakazawa et al. 10.3389/fevo.2023.1138138

Frontiers in Ecology and Evolution 04 frontiersin.org

3. Results

3.1. Quantitative genetic approach

Another formula is added to the above ecological model to 
describe the evolutionary dynamics of the juvenile-specific 
association XJ:
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where the parameter w is the adaptation rate. XJ (1 − XJ) measures the 
additive genetic variance of juvenile-specific association XJ, as well as 
ensuring that the trait value is constrained between zero and one 
(Yamamichi et al., 2019). The equation intuitively means that the partner 
will increase juvenile-specific association XJ if it increases the fitness (i.e., 
the per-capita population growth rate). The initial population 
abundances are Hi (0) = P (0) = 1 and the initial trait value XJ (0) was set 
at random between zero and one. The simulation was run until t = 2 × 104.

The numerical results showed that if the association trade-off is weak 
(q < 1), the partner tends to associate only with the juvenile host (i.e., 
XJ = 1) when the benefits of juvenile mutualism are relatively large (red 
region in Figure 2A). On the other hand, the partner tends to associate 
only with the adult host (i.e., XJ = 0) when the benefits of adult mutualism 
are relatively large (blue region in Figure 2A). We term the situation as 
juvenile-specialized (or adult-specialized) association. When the 
mutualistic benefits of both juvenile-specific and adult-specific 
associations are sufficiently large, the partner associates with both the 
juvenile and adult stages of the host (i.e., inter-stage partner sharing; 
green and yellow regions in Figure 2A). Figure 3A shows the convergent 
dynamics of XJ to the intermediate optima when the association trade-off 
is weak. If the association trade-off is neutral (q = 1), the parameter space 
for inter-stage partner sharing shrinks and juvenile-specialized (or adult 
specialized) association occur when it is relatively beneficial (Figure 2B). 
Note that the adult-specialized association can evolve (i.e., XJ = 0) even 
when the juvenile-specific association is more beneficial (BPJ > BPA). This 
would be because the partner can gain indirect mutualistic benefits by 
promoting adult reproduction. If the association trade-off is strong 
(q > 1), alternative stable states occur in which either juvenile-specialized 
or adult-specialized associations emerge depending on the initial trait 
value (mottled pattern in Figure 2C). There seems to be a tendency for 
juvenile-specific mutualism to evolve (XJ = 1) when it is relatively 
beneficial, and for adult-specific mutualism to evolve (XJ = 0) when it is 
relatively beneficial (Figure 2C). However, this is not always the case, as 
juvenile-specific mutualism can also evolve when adult-specific 
mutualism is relatively beneficial, and vice versa. This could be because 
the initial trait value XJ (0) is close to zero or one. Indeed, Figure 3B 
shows the divergent dynamics of XJ to zero or one depending on the 
initial trait value. The adaptation rate w does not affect the equilibrium 
state, although it affects the time it takes for the evolutionary dynamics 
to converge to the equilibrium (not shown). Sensitivity analysis 
confirmed that these results are generally robust to changes in the 
parameters (Supplementary Information A).

3.2. Evolutionary invasion analysis

Next, we consider that the partner species has a resident (major) 
and mutant (rare) type, and their population dynamics are described 

separately. Thus, the original model is re-formulated to include four 
variables as follows:
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where Pk is the abundance of the resident (k = r) and mutant (k = m) 
partners, respectively. They are different only in stage-specific 
association as XA,k = (1 − XJ,k)q. First, we simulate the model without 
the mutant until the dynamics reach the equilibrium (Hi = Hi* and 
Pr = Pr*). Thereafter, we identify the evolutionary stable strategy by 
assessing the potential for the mutant type to invade the resident 
population based on whether the per-capita population growth rate of 
the mutant type is positive at the resident equilibrium (Metz et al., 
1992; Geritz et al., 1998):

 

1
0

0
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dP
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We then summarized the outcome of intraspecific competition in 
so-called pairwise invasibility plots wherein whether the mutant type 
can invade the resident population or not is shown for different 
combinations of XJ,r and XJ,m values (Figure 4).

The results showed that if the association trade-off is weak (q < 1), 
inter-stage partner sharing occurs (Figures 4A,D). Meanwhile, the 
partner evolves a stronger association with the juvenile host when the 
juvenile-specific association is more beneficial (compare 
Figures 4A,D). If the association trade-off is neutral (q = 1), the adult-
specialized association occurs (Figures  4B,E), although the 
evolutionary outcome is variable depending on the parameter values 
(Supplementary Information B). If the association trade-off is strong 
(q > 1), alternative stable states occur in which either the juvenile-
specialized or adult-specialized association emerges depending on the 
initial trait value (Figures  4C,F). Furthermore, juvenile-specific 
mutualism is more likely to evolve, i.e., a divergent threshold becomes 
smaller when juvenile-specific mutualism is relatively beneficial 
(compare Figures 4C,F). Conversely, adult-specific mutualism is more 
likely to evolve when the benefits of adult mutualism are relatively 
large, resulting in a larger divergent threshold. Sensitivity analysis 
confirmed that these results are generally robust to changes in the 
parameters (Supplementary Information B).
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4. Discussion

We showed that different forms of stage-structured mutualism can 
evolve between two species, such as juvenile-specialized association, 
adult-specialized association, and inter-stage partner sharing. Further, 
alternative stable states can also occur in which juvenile-specific or 
adult-specific association evolves depending on the initial trait value. 
These results suggest that pairwise interspecific mutualism can exhibit 
diverse patterns of relationships, which implies that we may overlook 
mutualistic (or neutral) interactions when looking at only certain life-
history stages; therefore, the strength of mutualism may be over-or 
underestimated and the ecological dynamics can be  inaccurately 
described unless life cycles of organisms are appropriately considered.

Our results are mainly threefold. Firstly, juvenile-specialized (or 
adult-specialized) association tends to evolve when it is relatively 

beneficial, irrespective of the shape of the association trade-off. 
Secondly, if the association trade-off is weak, the partner can associate 
with both the juvenile and adult stages of the host (i.e., inter-stage 
partner sharing) when the mutualistic benefits of both juvenile-and 
adult-specific associations are sufficiently large. Thirdly, when the 
association trade-off is strong, the partner evolves either juvenile-or 
adult-specialized association depending on the initial trait value. 
These results give some answers to the question of when the partner 
should allocate all association efforts only for the more beneficial stage 
(i.e., stage-specific association) or more evenly allocate association 
efforts for both stages depending on the relative benefits (i.e., inter-
stage partner sharing).

We also emphasize that similar parameter conditions were identified 
for the structural diversity of stage-structured mutualism in the two 
analytical approaches; i.e., the quantitative genetics approach and 

FIGURE 2

The results of applying the quantitative genetic approach to the model. The association trade-off is (A) weak (q = 0.2), (B) neutral (q = 1), and (C) strong 
(q = 5). In each panel, the x and y axes indicate the mutualistic benefit of juvenile-specific and adult-specific associations (BPJ and BPA), respectively. The 
red and blue colors indicate strong and weak associations with the juvenile host at the steady state, respectively. The adaptation rate w = 0.01. Other 
parameter values are described in the main text.
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FIGURE 3

Evolutionary dynamics described by the quantitative genetics approach. (A) The juvenile-specific association XJ converges to the intermediate optima 
(i.e., inter-stage partner sharing) when the association trade-off is weak (q = 0.2). (B) XJ diverges to either zero (adult-specialized association) or one 
(juvenile-specialized association) depending on the initial trait value when the association trade-off is strong (q = 5). The benefits of stage-specific 
mutualisms are relatively large at (A) the juvenile stage (BPJ = 0.04 and BPA = 0.01) and (B) the adult stage (BPJ = 0.01 and BPA = 0.04). The five alternative 
dynamics in each panel were simulated using five initial trait values XJ (0) = 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. The adaptation rate w = 0.01. Other 
parameter values are described in the main text.

FIGURE 4

The results of applying evolutionary invasion analysis to the model. In each panel, the x and y axes indicate the juvenile-specific association of the 
resident and mutant partners (XJ,r and XJ,m), respectively. The white regions indicate the parameter space where the mutant can invade the resident 
equilibrium, and in the black regions, the invasion of the mutant is not possible. The arrows indicate possible evolutionary trajectories following 
competitive replacement. The red points are evolutionary and convergent stable strategies where any mutant type cannot invade. The benefits of 
stage-specific mutualisms are relatively large at (A–C) the juvenile stage (BPJ = 0.04 and BPA = 0.02) and (D–F) the adult stage (BPJ = 0.02 and BPA = 0.04). 
The association trade-off is (A,D) weak (q = 0.2), (B,E) neutral (q = 1), and (C,F) strong (q = 5). Other parameter values are described in the main text.
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evolutionary invasion analysis (Figures 2, 4). While this consistency 
suggests that our findings are highly robust, it implies that their different 
assumptions regarding the time scales of ecological processes and 
adaptive evolution would not matter to the evolution of stage-structured 
mutualism. Based on the results, we infer that the evolution of stage-
structured mutualism could be simply understood without describing 
the ecological (population) dynamics. To discuss it, we  apply the 
geometrical fitness set approach by Levins (1962). Here, suppose the 
following per-capita population growth rate (i.e., fitness) of the partner:

 
1

P

dP

dt
r B X H B X H d PP PJ J J PA A A P= + + −

We plotted different shapes of the association trade-off along with 
fitness contours on the two-dimensional plane of the stage-specific 
associations XJ and XA (Figure 5), which graphically illustrate how the 
partner would evolve the stage-specific association Xi depending on 
the relative benefits of stage-specific mutualism BPi and the juvenile-
adult stage distribution Hi. The results showed that inter-stage partner 
sharing occurs (i.e., XJ converge to the intermediate optima) when the 
association trade-off is weak while juvenile-specialized or adult-
specialized association occurs (i.e., XJ diverges to either zero or one 
depending on the initial trait value) when the association trade-off is 
strong (Figure  5; see Rueffler et  al., 2013 for similar examples). 
Further, the optimal XJ is relatively high for weak association trade-
offs or XJ is likely to converge to one (i.e., a divergent threshold is 
relatively small) for strong association trade-offs when the juvenile 
host is more abundant (e.g., compare Figures  5A,C) or when the 
juvenile-specific mutualism is more beneficial (e.g., compare 

Figures 5A,D). These patterns are generally consistent with the results 
of the quantitative genetics approach (Figure  2) and evolutionary 
invasion analysis (Figure 4).

Our results illustrate the importance of quantifying intraspecific 
(dis)similarity of mutualistic niches (Peay, 2016) between different life-
history stages since the functional form of the trade-off between 
juvenile-and adult-specialized associations can critically affect the 
evolutionary dynamics of stage-structured mutualism. Nutritional 
mutualism between plants and microbes provides a suitable system for 
empirically testing our predictions (Chamberlain et  al., 2014). In 
particular, woody and herbaceous plants may be compared, as their 
adult body sizes are completely different implying that inter-stage 
differences in nutritional requirements would be qualitatively different 
and more apparent in woody plants (Meinzer et al., 2011; Mediavilla 
et al., 2014). Our models predicted that inter-stage partner sharing or 
stage-specialized association occurs depending on the shape of the 
association trade-off. Specifically, if the association trade-off is relatively 
weak, inter-stage partner sharing would be likely to occur because the 
partner can readily meet requirements of both stages. On the other 
hand, the association trade-off is strong, stage-specialized association 
would be more likely to occur. Based on the prediction, we hypothesize 
that if the adult stage of woody plants competes with their juvenile (e.g., 
germination and seedling) stage relatively weakly for nutrients, woody 
plants may have similar mutualistic microbes across their life-history 
stages. On the other hand, if the adult stage of herbaceous plants 
competes with their juvenile stage relatively strongly, herbaceous plants 
may have dissimilar mutualistic microbes across their life-history 
stages. Note that this hypothesis was made from the viewpoint of 
microbial partner choice. If plants choose microbial partners (Werner 
and Kiers, 2015), woody plants may exhibit more pronounced 
ontogenetic shifts in microbial compositions than herbaceous plants 

FIGURE 5

The results of applying the geometrical fitness set approach to the model. In each panel, thick lines correspond to weak, neutral and strong association 
trade-offs between XJ and XA. For presentation, q = 0.2 (concave), 1 (linear), and 5 (convex). The grey parallel lines represent contour lines of the fixed 
fitness landscape, which increases with both XJ and XA. The evolution occurs so as to increase the fitness along the trade-off curve and changes the 
combination of trait values as indicated by the arrows. The sold and open circles are fitness maxima and minima, respectively. The mutualistic benefits 
of stage-specific associations are (BPJ, BPA) = (A–C; 0.04, 0.02) and (D-F; 0.02, 0.04). The abundances of the juvenile and adult host are (HJ, HA) = (A,D; 0.3, 
0.7), (B,E; 0.5, 0.5), and (C,F; 0.7, 0.3).
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due to distinct body sizes and nutrient requirements across stages. 
Apparently supporting our predictions, many studies have reported 
dynamic changes in microbial composition during the development of 
herbaceous plants (Baudoin et al., 2002; Mougel et al., 2006; Houlden 
et al., 2008; Micallef et al., 2009; Chaparro et al., 2014; Sugiyama et al., 
2014), while the evidence is still limited for woody plants (Husband 
et al., 2002; Oono et al., 2015). Meta-analytical approaches are required 
to explicitly test it by integrating both woody and herbaceous plants. 
At the same time, the present pairwise mutualism model needs to 
be extended to consider multiple mutualistic partners and ontogenetic 
partner shifts (see below for details).

Experimental approaches are also warranted to mechanistically 
validate our model assumptions and predictions. We are particularly 
interested in quantifying the association trade-off within a partner 
species (or inter-stage competition for mutualistic niches within a host 
species). To do it, we may compare the relative microbial biomass at 
plant roots when the plants are inoculated with nutritional microbes 
in the presence and absence of a neighboring plant with different life-
history stages. If the microbial biomass is reduced in the presence of 
a neighboring plant, it suggests the existence of the association 
trade-off. Further, the reduction of the microbial biomass may depend 
on the life-history stage of the neighboring plant. It is also necessary 
to quantify the relative biomass of microbial partners across different 
life-history stages of a plant and assess stage-specific benefits to the 
microbes. Together, we can test whether the stage-specific association 
or inter-stage partner sharing is developed depending on the 
association trade-off. Not only plant–microbe nutritional mutualism 
but also other mutualisms (see Introduction) would also be worthwhile 
to perform such experiments.

We also encourage the development of more complex models in 
future studies. We envision three approaches. First, while we have 
explored the minimum situation where the host has a two life-history 
stages following previous studies on stage-structured mutualism (Ke 
and Nakazawa, 2018; Nakazawa, 2020; Nakazawa and Katayama, 
2020), it may be more appropriate for some species to consider more 
than two stages or continuous size structure by employing, for example, 
integral projection models (Ellner et al., 2016) or partial differential 
equations (Tuljapurkar and Caswell, 1997). Second, the present 
pairwise model needs to be  extended to include more than two 
mutualistic partners (Nakazawa et  al., in preparation). This is 
particularly important, because the optimal effort allocation of a 
mutualistic partner can be  affected by competition with other 
mutualistic partners (i.e., inter-partner competition), and also because 
other mutualistic partners affect the host performance, which in turn 
may mediate the optimal effort allocation of the focal partner (i.e., 
indirect effects through the host’s ontogeny). Finally, the host species 
may also have the capability of choosing more beneficial partners in 
the presence of multiple mutualistic partners (Kiers et al., 2011; Heath 
and Stinchcombe, 2014; Fields and Friman, 2022; i.e., coevolution). 
From a theoretical viewpoint, it is inappropriate to apply the 
quantitative genetics approach to the stage-structured host species 
because stage-specific adaptation does not reflect lifetime fitness in 
stage-structured population, whereas it is technically difficult to apply 
evolutionary invasion analysis to the coevolutionary trait dynamics of 
multiple partners. Therefore, we  propose the application of the 
quantitative genetic approach and evolutionary invasion analysis in 
non-structured partners and stage-structured host species, respectively, 
with the assumption that the evolutionary dynamics of the host are 
much slower than the host-partner population dynamics and the 

evolutionary dynamics of the partners. Along with well-designed 
experiments (see above), such theoretical efforts will contribute to a 
better understanding of the development and maintenance of complex 
mutualistic networks mediated by the ontogenetic development of 
organisms and their stage-structured interactions.

In conclusion, we  analyzed the evolutionary model of stage-
structured mutualism. The model presented testable hypotheses 
regarding the context dependence of stage-structured mutualism, which 
highlights the primary role of the association trade-off (or inter-stage 
competition for mutualistic niches within the host). In addition, this 
study provides a conceptual basis for more complex situations, which 
may consider multiple life-history stages, multiple mutualistic partners, 
and host–partner coevolution. Further research efforts are needed in 
both theoretical and empirical approaches to better understand 
ecological and evolutionary aspects of stage-structured mutualism.
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