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Mutualism is one of the major interaction types occurring in ecological communities,
and has significant consequences for population dynamics and community structure.
A major feature of mutualism is its context dependence; i.e., potentially mutualistic
relationships may become parasitic or neutral depending on the abiotic conditions
and presence of other species. Recently, stage structure has been recognized as an
additional important factor underlying the context-dependence of mutualism, giving rise
to the concept of stage-structured mutualism, which states that mutualistic partners at
one life-history stage may become parasitic at other life-history stages. However, the
ecological consequences of such a stage-structured interaction remain unknown. Here,
we present a simplified one host–one partner model with a juvenile–adult stage structure
of the host species, in which the partner species improves fecundity of the adult host but
suppresses growth and maturation of the juvenile host. Numerical simulations identified
two ecological conditions for stage-specific parasitism to counterintuitively increase host
abundance: (i) the benefits derived by the adult host from the partner species are large
and the costs imposed on the juvenile host by the partner species are small (the partner
investment hypothesis), and (ii) host population growth is limited by adult reproduction
instead of juvenile maturation (the ontogenetic asymmetry hypothesis). Although the
partner investment hypothesis appears more intuitive, exhaustive parameter exploration
revealed that the ontogenetic asymmetric hypothesis would be more likely to operate.
This counterintuitive result implies that the dynamics of mutualistic interactions are more
complex than previously thought. The present study provides novel insights into the
ecological consequences of mutualism and illustrates the importance of the ontogenetic
perspective of mutualism in community ecology. Further research is required in both
empirical and theoretical approaches to better understand the mechanisms by which
stage-structured mutualism mediates population dynamics and community structure in
more complex systems.

Keywords: context dependent mutualism, hybrid community dynamics, intraspecific variation, life history,
mutualism-parasitism continuum, ontogenetic asymmetry, ontogenetic niche shift, stage-structured mutualism
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INTRODUCTION

Mutualism, a reciprocally beneficial association between
two species, is one of the major interaction types that
shape and drive ecological communities (Bascompte
and Jordano, 2014; Bronstein, 2015). Although it has
been acknowledged that mutualism can critically affect
population dynamics and community structure, the
ecological consequences of mutualism remain relatively
poorly understood in comparison with those of other
interaction types such as predation and competition
(Bascompte and Jordano, 2014; Bronstein, 2015). A major
hindrance in our understanding of the ecological consequences
of mutualism is its context-dependence, i.e., potentially
mutualistic relationships between species may become
parasitic or neutral depending on factors such as the abiotic
environment and presence of other species (Chamberlain
et al., 2014; Hoeksema and Bruna, 2015). Such a drastic
change in the relationship between mutualistic species is
referred to as the mutualism–parasitism continuum (Karst
et al., 2008; Mandyam and Jumpponen, 2015). Detailed
investigations of the context-dependent mutualism are
required to better understand the mechanisms by which it
mediates population dynamics and community structure
(Bronstein, 2015).

Recently, stage structure has been recognized as an additional
important factor underlying the context-dependence of
mutualism, giving rise to the concept of stage-structured
mutualism (reviewed by Nakazawa, 2020). Notably, ontogenetic
growth is the most fundamental biological aspect of an organism
(Wilbur, 1980; Werner and Gilliam, 1984), and the costs
and benefits of mutualism may vary during the course of
ontogenetic growth. Consequently, mutualistic relationships
may change ontogenetically. More specifically, mutualistic
partners at one life-history stage may become parasitic at other
stages (hereafter referred to as stage-specific parasitism). For
example, it is often observed that symbiotic microbes become
mutualistic or parasitic, depending on the ontogenetic stage
of the host plant (Merrild et al., 2013; Bachelot et al., 2018).
Furthermore, some ant species protect myrmecophytic host
plants against herbivores and competing plants but destroy
their floral organs thereby impairing reproductive success of the
host plant (Stanton et al., 1999; Palmer et al., 2010). Although
the extent to which mutualism is likely to be parasitic during
the course of ontogenetic development in nature remains
unclear, stage-specific parasitism would be widespread in
mutualistic interactions because mutualism is highly context-
dependent and stage-structured (Nakazawa, 2020; see section
“Results and Discussion” for empirical examples). At present,
however, little is known about how stage-specific parasitism can
mediate the population dynamics of host–partner interactions,
because ecologists have long overlooked the importance of
stage structure in community ecology (reviewed by Miller and
Rudolf, 2011; de Roos and Persson, 2013; Nakazawa, 2015, 2017;
de Roos, 2020b).

Here, we address the possibility that stage-specific parasitism
may positively affect the long-term population dynamics

of host species, in spite of its negative effects during a
certain life-history stage. Traditionally, the parasitic aspect
of mutualism has been considered to negatively affect the
host species, hence the term “parasitism” is included in
the mutualism–parasitism continuum (Karst et al., 2008;
Mandyam and Jumpponen, 2015). Contrary to the traditional
idea, “parasitism” (i.e., short-term over-exploitation by
mutualistic partners) may be beneficial in stage-structured
mutualism in the long run. An intuitive explanation for
such a positive effect is that short-term exploitation by
parasitic partners can be considered an investment for future
fitness, by which hosts can increase partner abundance
and then derive greater benefits at subsequent life-history
stages. The feasibility of this notion remains untested in
stage-structured systems, although a similar idea has been
developed for non-structured mutualism (Bachelot and Lee,
2020). If stage-specific parasitic aspects of mutualism are
long-term beneficial to host species, it implies the need
to reconsider conventional views of context-dependent
mutualism or the mutualism–parasitism continuum without
stage structure.

In this study, we developed and analyzed a simple
mathematical model for stage-structured host–partner dynamics,
considering a juvenile–adult stage structure for the host species
and a partner species that is parasitic and mutualistic to the
juvenile and adult stages of the host species, respectively
(Figure 1). Although the model was simple, it provided a
good opportunity to reconsider the ecological consequences
of mutualism in general. Our specific aim was to theoretically
illustrate that juvenile-specific parasitism can increase host
abundance in the long run. We further attempted to identify
the ecological conditions for the counterintuitive outcome by
exhaustively exploring the parameter space.

FIGURE 1 | Conceptual illustration of the model investigated in the present
study. The host species exhibits a juvenile–adult stage structure and the
partner species is parasitic and mutualistic to the juvenile and adult stages of
the host species, respectively.
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MODEL

We considered a one host–one partner system with a juvenile–
adult stage structure of the host species, in which the
partner species improved the fecundity of the adult host (i.e.,
adult-specific mutualism), whereas it suppressed growth and
maturation of the juvenile host without any benefits (i.e.,
juvenile-specific parasitism) (Figure 1). To model the adult-
specific mutualism, we adopted the consumer-resource approach,
which states that mutualistic benefits are obtained in return for
rewarding the partners (Holland and DeAngelis, 2010). We thus
assumed that the adult host and the partner species exploited
each other to increase their own demographic performance. This
system can be formulated as follows:

dHJ

dt
=

(
rA + bAaAP

)
HA

−max
[
rJ − aPJP, 0

]
HJ −

(
dJJHJ + dAJHA

)
HJ (1a)

dHA

dt
= max

[
rJ − aPJP, 0

]
HJ

−aPAPHA −
(
dJAHJ + dAAHA

)
HA (1b)

dP
dt
=

(
rP + bPJaPJHJ + bPAaPAHA

)
P

−aAHAP− dPP2 (1c)

where Hi (i = J or A) is the juvenile or adult abundance of
the host species and P is the abundance of the partner species.
The adult host produces offspring with the basic reproduction
rate rA and the additional term due to mutualism with the
partner species, wherein aA and bA indicate the rate of partner
exploitation and its conversion efficiency, respectively (Eq. 1a).
The juvenile host matures to adulthood with the basic maturation
rate rJ, which is reduced ascribable to exploitation by the partner
species with the rate aPJ (Eqs. 1a and 1b). The max function in
the maturation term ensures that the realized maturation rate
is non-negative. The abundance of the partner species increases
with the intrinsic growth rate rP and the additional terms due
to the exploitation of both juvenile and adult hosts, wherein aPi
and bPi indicate the rate of stage-specific host exploitation and
its conversion efficiency, respectively (Eq. 1c). Note that adult-
specific mutualism is facultative when rA or rP is positive, and
obligate when it is zero. It is also assumed that bAaA-aPA > 0
and bPAaPA-aA > 0 for the short-term benefits of adult-specific
mutualism to be net positive for both the adult host and partner
species. All populations exhibit density-dependent death rate dij
(i, j = J or A) or dP.

Species Persistence and Coexistence
Invasion analysis ensured that both the host and partner species
could persist (i.e., not go extinct), and thus coexist in general.
First, the persistence condition of the host species was derived
as follows:

max[rJ − aPJP∗, 0]
max[rJ − aPJP∗, 0] + dJJH∗J + dAJH∗A

×
ra + bAaAP∗

aPAP∗ + dJAH∗J + dAAH∗A

∣∣∣∣
H∗i =0

> 1 (2a)

where the first term indicates the expected probability of a
juvenile individual surviving to adulthood, and the second term
indicates the expected number of juvenile individuals produced
by an adult individual during the adult period. This represents the
basic reproductive number. The host species can invade the host-
free equilibrium and persist if the basic reproductive number
is greater than one at H∗i . Obviously, the inequality (2a) always
holds true, regardless of the presence (P∗ > 0) or absence (P∗ = 0)
of the partner species, as long as the maturation rate is positive
(rJ-aPJp∗ > 0) and the adult-specific mutualism is net beneficial
for the adult host (bAaA-aPA > 0). Similarly, the partner species
can invade the partner-free equilibrium and persist if its per-
capita population growth is positive at P∗= 0. The persistence
condition of the partner species was derived as follows:

1
P

dP
dt

∣∣∣∣
P∗=0
= rP + bPJaPJH∗J + bPAaPAH∗A − aAH∗A > 0 (2b)

This condition also always holds true, regardless of the
presence (Hi

∗ > 0) or absence (Hi
∗ = 0) of the host species,

because the adult-specific mutualism is net beneficial for the
partner species (bPAaPA-aA > 0). Overall, it was illustrated that
the host and partner species can coexist for any initial condition
if the maturation rate is positive at the steady state. Furthermore,
as long as this condition is met, their coexistence is robust,
regardless of whether the adult-specific mutualism is facultative
(rA, rP > 0) or obligate (rA, rP = 0).

Numerical Simulations
We numerically investigated the steady state of host abundance
along the gradient of the juvenile-specific parasitism rate aPJ. To
assess the robustness of the results, we performed a sensitivity
analysis by manipulating all parameters within a wide range of
values. Simulations were run for 103 time steps, and the long-
term average abundance of the host species was evaluated for
the last 500 time steps to remove transient dynamics. The initial
population abundances were chosen randomly between 0 and 1
for each simulation. As far as we observed, the dynamics always
converged to a single equilibrium point.

Ecological Conditions for “Beneficial”
Parasitism
In addition, we attempted to identify the ecological conditions
under which juvenile-specific parasitism increased host
abundance. We considered two hypothetical scenarios, one
intuitive and the other counterintuitive. The intuitive scenario
postulated juvenile-specific parasitism as an investment for
future fitness, through which the host species could increase
partner abundance and then derive greater benefits at the adult
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stage. A similar idea has been developed for non-structured
mutualism (Bachelot and Lee, 2020). In this scenario, the benefits
derived by the adult host from the partner species are large and
the costs imposed on the juvenile host by the partner species
(i.e., parasitic exploitation aPJ) are small. For this mechanism to
work, the adult host is required to efficiently utilize the partner
species (i.e., high exploitation rate aA and high conversion
efficiency bA) as well as having weak parasitism at the juvenile
stage. This mechanism is hereafter referred to as the partner
investment hypothesis.

The other hypothetical scenario highlighted the limiting factor
of population growth (Figure 2). The partner species suppresses
juvenile maturation while improving adult reproduction (Eq. 1a).
This would shift the host population toward a more juvenile-
dominated state where the host population growth is likely
to be limited by maturation rather than reproduction. In this
scenario, if the host population is a priori dominated by
adults and population growth is limited by adult reproduction,
then juvenile-specific parasitism may increase host abundance
by balancing the skewed stage distribution and relaxing the
reproduction-limited population growth. For this mechanism
to work, the host species is required to have low reproductive
performance. This mechanism is hereafter referred to as the
ontogenetic asymmetry hypothesis (sensu de Roos, 2020b).

The two scenarios described above are apparently
contradictory because the partner investment hypothesis
requires relatively high reproductive performance of the
adult host, whereas the ontogenetic asymmetry hypothesis
requires the opposite. To determine the mechanism that
is more likely to operate, we tested for a correlation
between the reproductive performance of the adult host
and consequences of juvenile-specific parasitism for the
steady-state host abundance. For the reproductive performance

of the adult host, the long-term average of the expected
reproductive success was calculated as follows (see Eq. 2a
for details):

(Expected reproductive success)

=
rAbAaAP∗

aPAP∗ + dJAH∗J + dAAH∗A
(3)

For the consequences of juvenile-specific parasitism for host
abundance, a difference in the long-term average of the total
host abundance HJ + HA in the presence and absence of weak
parasitism (aPJ = 0.001) was calculated. Positive and negative
values indicated an increase and decrease, respectively, in the host
abundance at the steady state due to juvenile-specific parasitism.
We used linear regression analysis to test the correlation between
the expected reproductive success (Eq. 3) and a parasitism-
induced change in the host abundance. A positive correlation
suggests that the partner investment hypothesis is more likely
to operate, whereas a negative correlation suggests that the
ontogenetic asymmetry hypothesis is more likely to operate.
50,000 simulations were run with all parameters varied randomly
up to four times the default values, of which we extracted
approximately 75% of the simulations for the correlation analysis
based on the prerequisite that the adult-specific mutualism
was net beneficial for both the adult host and partner species
(i.e., bAaA-aPA > 0 and bPAaPA-aA > 0). We did not perform
a significance test to estimate the P-value because such a
correlation analysis of numerical results is inappropriate (White
et al., 2014); instead, we estimated the effect size, i.e., the
correlation coefficient R in correlation analysis (Field, 2009).

FIGURE 2 | The ontogenetic asymmetry hypothesis based on changes in the limiting factors of population growth and stage distribution due to juvenile-specific
parasitism. (Left) Maturation flow is considerably smaller than reproduction flow, leading to the juvenile-dominated state. (Right) Reproduction flow is considerably
smaller than maturation flow, leading to the adult-dominated state. (Middle) Both maturation and reproduction limitations are relaxed, resulting in the highest
population growth. Juvenile-specific parasitism suppresses juvenile maturation while increasing partner abundance and improving adult reproduction, thereby
shifting the host population toward a more juvenile-dominated state. The ontogenetic asymmetry hypothesis predicts that if the host population is a priori dominated
by the adult stage and the population growth is limited by adult reproduction, then juvenile-specific parasitism may increase host abundance by balancing the
skewed stage distribution and relaxing the population growth limit.
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RESULTS AND DISCUSSION

The results illustrated that juvenile-specific parasitism (i.e.,
positive values of aPJ) can potentially increase host abundance
in the long run (Figure 3). Specifically, the total host abundance
can increase and vary unimodally with small values of aPJ
for some parameter sets, or decrease monotonically with the
parameter. Below, we describe the consequences of varying
different parameters for the host–partner dynamics and the
mechanisms underlying the positive effect of juvenile-specific
parasitism on the host species.

Partner Investment Versus Ontogenetic
Asymmetry
The results supported the more intuitive expectation (i.e., the
partner investment hypothesis) that if the benefits derived by
the adult host from the partner species are large and the
costs imposed on the juvenile host by the partner species are
small, juvenile-specific parasitism would increase host abundance
in the long run. More specifically, the model predicted that
the host abundance could increase with small values of the
parameter aPJ when the adult host effectively utilized the partner
species (i.e., high aA and bA) (Figures 3D,E) and adult-specific
mutualism was not too costly for the adult host (i.e., low
aPA) (Figure 3F). These predictions suggest that the partner
investment hypothesis can explain the outcome that juvenile-
specific parasitism can increase host abundance when the adult
host has high reproductive performance.

At the same time, our results supported the ontogenetic
asymmetry hypothesis as well (Figure 2). Specifically, the
expected reproductive success (Eq. 3) in the absence of juvenile-
specific parasitism was low when the basic reproduction rate
rA was low (Figure 4A), the basic maturation rate rJ was high
(Figure 4B), or the intrinsic growth rate rP of the partner species
was low (Figure 4C). Under these parameter conditions, the
host abundance could increase with aPJ (see Figures 3A–C).
In conjunction, it is suggested that juvenile-specific parasitism
can increase host abundance when the host population is
reproduction-limited compare corresponding panels in Figures
3, 4. Exceptional patterns were also found where the expected
reproductive success was high for parameter conditions under
which the host abundance could increase with aPJ. However,
such exceptions were observed when the partner investment
hypothesis was supported where the adult host effectively utilized
the partner species (i.e., high aA and bA) and mutualism was not
too costly for the adult host (i.e., low aPA) (compare Figures 3D–
F, 4D–F).

Overall, our results identified both the partner investment
hypothesis and ontogenetic asymmetry hypothesis as feasible
mechanisms underlying the positive consequences of stage-
specific parasitism for host abundance. To determine the
mechanism that was more likely to operate, we tested for a
correlation between the expected reproductive success and a weak
parasitism-induced change in host abundance (corresponding
to the slope of curves at aPJ = 0 in Figure 3) by a more
exhaustive exploration of the parameter space. The result showed
that a parasitism-induced change in host abundance was more

FIGURE 3 | Parameter effects on the consequences of juvenile-specific parasitism for host abundance. The total host abundance HJ + HA is plotted against the rate
of juvenile exploitation by the partner species aPJ for different parameter sets. One parameter is manipulated in each panel: (A) rA, (B) rJ, (C) rP, (D) aA, (E) bA,
(F) aPA, (G) bPA, (H) bPJ, (I) dAA, (J) dAJ, (K) dJA, (L) dJJ, and (M) dP. Different line colors indicate the magnitude of parameter manipulation in comparison with the
default value, as indicated in the top right-hand corner. The default parameters were ri = rP = 1, aA = 0.02, aPA = 0.01, bA = bPi = 5, dii = dP = 0.05, dJA = 0.01, and
dAJ = 0.1.
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likely to be positive when the expected reproductive success
was low (Figure 5), implying that juvenile-specific parasitism
is likely to increase host abundance if the host population

growth is limited by adult reproduction. The correlation
coefficient was R = 0.15 (i.e., small effect size) regardless
of whether outliers were included or excluded. Although a

FIGURE 4 | Parameter effects on the expected reproductive success in the absence of juvenile-specific parasitism (aPJ = 0). In each panel, the expected
reproductive success at the steady state is calculated along a different parameter: (A) rA, (B) rJ, (C) rP, (D) aA, (E) bA, (F) aPA, (G) bPA, (H) bPJ, (I) dAA, (J) dAJ,
(K) dJA, (L) dJJ, and (M) dP. Note that in panel (H), the expected reproductive success is constant against the conversion efficiency of the juvenile-specific
parasitism bPJ because this parameter is meaningless in the absence of juvenile-specific parasitism. Other parameter values are the same as in Figure 3.

FIGURE 5 | Linear correlation between weak parasitism-induced changes in host abundance and expected reproductive success. The horizontal axis represents the
expected reproductive success at the steady state in the absence of juvenile-specific parasitism (aPJ = 0). The vertical axis represents a difference in the total host
abundance in the presence and absence of weak parasitism (aPJ = 0.001) at the steady state. The red dots indicate the results of ca. 75% of 50,000 simulations that
met the assumption that adult-specific mutualism was net beneficial for both the adult host and partner species (i.e., bAaA-aPA > 0 and bPAaPA-aA > 0). The small
panel provides an enlarged view of the results. The solid and dashed lines indicate the predicted regressions and 95% confidence intervals, respectively. Other
parameter values are the same as in Figure 3.
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significance test is inappropriate for such simulation results
(White et al., 2014), the observed negative, but not positive,
correlation suggests that the ontogenetic asymmetry hypothesis
is more likely to operate than the partner investment hypothesis.
Although apparently counterintuitive, this conclusion is not
unreasonable in terms of the limiting factor for population
growth. Note that juvenile-specific parasitism suppresses juvenile
maturation while increasing the partner species and improving
adult reproduction (Eq. 1a). If the host population growth
is maturation-limited, suppressed maturation due to juvenile-
specific parasitism can further decrease the population growth,
whereas improved reproduction due to adult-specific mutualism
would have little effect. In contrast, if the host population growth
is reproduction-limited, suppressed maturation due to juvenile-
specific parasitism would have little effect on population growth,
whereas improved reproduction due to adult-specific mutualism
could increase the population growth.

It must be noted that the above theoretical arguments
regarding juvenile-specific parasitism presented can apply to
adult-specific parasitism (Supplementary Material). Suppose
that the partner species improves maturation of the juvenile
host (i.e., juvenile-specific mutualism), whereas it suppresses
reproduction of the adult host. It is intuitively expected that
adult-specific parasitism can increase the host abundance when
the benefits derived by the juvenile host from the partner species
are relatively large and the costs imposed on the adult host by
the partner species are small (i.e., partner investment hypothesis).
While this mechanism can work (Supplementary Figure S1), the
results supported that ontogenetic asymmetry hypothesis is more
likely to operate (Supplementary Figure S2). In other words,
adult-specific parasitism can increase the host abundance when
the host population growth is limited by juvenile maturation
instead of adult reproduction.

Complex Dynamics of Stage-Structured
Mutualism
We observed that the dynamics of stage-structured mutualistic
interactions were complex. For example, the host abundance
could increase with aPJ when the adult host had a low basic
reproduction rate rA (Figure 3A) and the partner species had
a low intrinsic growth rate rP (Figure 3C). These predictions
suggest that juvenile-specific parasitism is likely to increase
(or decrease) the host abundance if adult-specific mutualism is
obligate (or facultative). Moreover, the positive effect of juvenile-
specific parasitism was greater when the juvenile host had a
high basic maturation rate rJ (Figure 3B). Furthermore, host
abundance could increase with aPJ when the partner species
efficiently utilized the juvenile host (i.e., high bPJ) but inefficiently
utilized the adult host (i.e., low bPA) (Figures 3G,H). These
predictions are complicated, and it is difficult to ecologically
interpret why obligate mutualism at the adult stage increased
the benefits of juvenile-specific parasitism or why stage-specific
relevant parameters (e.g., rA versus rJ and bPA versus bPJ)
differentially influenced the consequences of juvenile-specific
parasitism. Similarly, complex patterns were observed for the
effects of density-dependent death rates dij (Figures 3I–M). We

attribute such complex dynamics to the fact that the juvenile and
adult hosts affect each other not only directly through the life
cycle, but also indirectly through association with the partner
species. For example, the adult host directly increases the juvenile
host via reproduction, but indirectly harm the juvenile host by
increasing parasitic exploitation. The feedback processes between
life-history stages may explain the complex consequences of
juvenile-specific parasitism in certain circumstances.

Stage-structured populations often exhibit complex and
counterintuitive dynamics (Miller and Rudolf, 2011; de Roos and
Persson, 2013; Nakazawa, 2015; de Roos, 2020b). For example, an
increase in stage-specific mortality can increase the abundance
of stage-structured populations, which is known as the hydra
effect (Abrams, 2009). Multiple predator species competing for
a shared prey species may coexist without competitive exclusion
and rather assist each other to persist if they selectively feed
on different life-history stages of the prey species, which is
called emergent facilitation (de Roos et al., 2008). In addition,
exploitation of different prey species at different life-history
stages by a predator species (i.e., ontogenetic diet shift in
apparent competition) can lead to alternative stable states where
the community dynamics converge to different steady states
depending on the initial condition (Schreiber and Rudolf, 2008;
Guill, 2009; Nakazawa, 2011a,b). Recently, de Roos (2020b)
described a phenomenon called the “double-handicapped loser”
in a one resource–two consumers–one predator system, where
an intermediate consumer can oust the opponent even when
it is less efficient at utilizing the basal resource and more
vulnerable to the top predator, if both consumers are stage-
structured. Notably, ontogenetic asymmetry (i.e., differences
in demographic performances between individuals of different
life-history stages or body sizes) has been identified as the
major mechanism underlying all these counterintuitive dynamics
(see references cited above). In stage-structured populations,
ontogenetic asymmetry can create a life-history bottleneck in
population growth. Given the density dependence of stage-
specific demographic performance (e.g., density-dependent
reproduction and food-dependent maturation), a reduction in
the population abundance at a certain life-history stage (e.g., due
to increased mortality and predation) can increase the biomass
flux (e.g., reproduction and maturation) within a population even
if it diminishes per-capita demographic performances. Indeed,
this mechanism can readily explain the thinning effect commonly
observed in agriculture, aquaculture, and forestry, where the
removal of certain individuals can increase the total productivity.
In the present system, the partner species may not only directly
increase the host abundance via adult-specific mutualism but
also indirectly improve the reproduction-limited population
growth by suppressing maturation to adulthood and relaxing
competition (density-dependent mortality) at the adult stage.

We also note that juvenile-specific parasitism by a mutualistic
partner theoretically resemble cannibalism (i.e., intraspecific
predation) in that it benefits the adult stage while imposing
negative effects on early life-history stages. There are many
theoretical studies on how cannibalism can mediate population
dynamics (reviewed by Claessen et al., 2004). While cannibalism
has negative effects on a population (i.e., additional mortality of

Frontiers in Ecology and Evolution | www.frontiersin.org 7 November 2020 | Volume 8 | Article 602675

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-602675 November 6, 2020 Time: 13:38 # 8

Nakazawa and Katayama Stage-Structured Mutualism

victims), it can also have positive effects, which can be divided
into direct and indirect ones. The direct positive effect is the
energy gain through consuming conspecifics. For example, if
juveniles can utilize external resources inaccessible to adults,
cannibalism may benefit a cannibalistic population through
exploiting a broader ecological niche (van den Bosch et al.,
1988; Diekmann et al., 2003). The indirect positive effect is
reduced competition among victims, which in turn benefits the
potential victims that survive. If density-dependent demographic
performance of juveniles is non-linear, a reduction of their
abundance may substantially increase their maturation rate
thereby increasing adult abundance (Botsford, 1981; Fisher,
1987). We consider that these ideas of the direct and indirect
positive effects are apparently similar to those of partner
investment and ontogenetic asymmetry, respectively, in the
present study (see above). In the context of cannibalism, however,
the previous studies have focused mainly on investigating
whether a cannibalistic population can persist or not and
whether cannibalism will stabilize or destabilize the population
dynamics (Claessen et al., 2004). So far, relatively few studies have
explicitly addressed whether or when cannibalism can increase
the population size. We therefore emphasize that the present
study is significant not in terms of a comparison with the
previous studies on cannibalism but in terms of providing a novel
perspective on stage-structured mutualism.

Empirical Relevance
Here, we present some empirical examples of stage-specific
parasitism by potentially mutualistic partners to which the
present model (Eq. 1) applies or can be easily adapted.

- Nutritional mutualism between terrestrial plants and soil
microbes (e.g., arbuscular mycorrhizae and rhizobia) is a
representative example of context-dependent mutualism
(Karst et al., 2008; Mandyam and Jumpponen, 2015).
Symbiotic microbes have often been observed to
become parasitic, depending on the ontogenetic stage
of the host plant. Many studies have reported highly
variably microbial effects, particularly during the early
developmental stages, with both positive and negative
effects being observed (Merrild et al., 2013; Bachelot
et al., 2018). This is probably because the microbes do
not provide sufficient nutrients to small seedlings, which
cannot provide photosynthetic products as efficiently
as adult plants. This represents a good example of
juvenile-specific parasitism.

- Myrmecophytes, represented by plants such as Acacia and
Macaranga, develop a defensive mutualistic relationship
with ants, where they provide rewards (e.g., extrafloral
nectaries, food bodies, and domatia) to symbiotic ants in
return for protection against herbivores and competing
plants (Heil and McKey, 2003; Heil, 2015). Some ants
become detrimental to host plants, while being aggressive
toward herbivores, at certain life-history stages. For
example, Crematogaster nigriceps destroy floral organs of
Acacia drepanolobium to reallocate plant resource toward
vegetative growth, thereby impairing reproductive success

of the host plant (Stanton et al., 1999; Palmer et al., 2010).
Such castration behavior is observed in other ant species
(Yu and Pierce, 1998; Izzo and Vasconcelos, 2002; Gaume
et al., 2005). This is an example of adult-specific parasitism.

- Some ant species protect not only plants but also
insects, such as Coccoidea and Lycaenidae. The Aphididae
represent the most extensively studied group of ant-
attended insects. They provide honeydew (sugar and
water) to ants in return for protection against predators
and parasitoids (Stadler and Dixon, 2005; Yao, 2014). In
this system, as the aphid colony grows, ants sacrifice them
for food because the cost of defending the increasing aphids
exceeds the quantity and quality of the available per-capita
honeydew (Breton and Addicott, 1992). Considering the
asexual colony growth of aphids as ontogenetic growth
of a superorganism (Hölldobler and Wilson, 1990), this
example represents adult-specific parasitism.

- Pollination is the most representative example of
mutualism. Plants require pollinators only at the
reproductive stage, while they are often attacked by
herbivores during their vegetative stage. Notably, major
pollinators of many flowering plants are holometabolous
insects that undergo metamorphosis, such as Hymenoptera
(e.g., bees) and Lepidoptera (e.g., butterflies). Their larvae
are generally antagonistic to plants and do not contribute
to pollination (Wäckers et al., 2007). In particular,
Lepidoptera larvae are crucial herbivores of plants (Hahn
and Brühl, 2016; Rader et al., 2016). From the viewpoint
of plants, such insects act as parasitic partners at the
vegetative stage. In an extreme case, the hawkmoth
Manduca sexta is a specialist herbivore of the jimsonweed
Datura wrightii at the larval stage whereas it is a specialist
pollinator of the host plant at the adult stage (Bronstein
et al., 2009). This example represents a variant version of
juvenile-specific parasitism as the partner (i.e., pollinating
insects) is also stage-structured and often switches between
different host plants following metamorphosis.

Interestingly, some of the above examples presented obligate
mutualism where the host and/or partner species cannot survive
in the absence of the other (e.g., arbuscular mycorrhizae,
myrmecophytes, and hawkmoth M. sexta). In these examples,
the parasitic aspects of mutualistic partners may provide long-
term benefits to the host species, as shown by the present results
that juvenile-specific parasitism can increase host abundance
when adult-specific mutualism is less facultative (Figures 3A,C).
Nakazawa (2020) introduced other potential examples of stage-
specific parasitic aspects in stage-structured mutualism (e.g., seed
dispersal and cleaning mutualism; see references therein).

An important implication of the present study for empirical
research is that short-term observations may yield misleading
conclusions about the long-term ecological consequences of
mutualism, firstly because apparently mutualistic interactions
may include parasitic stages, and secondly because short-term
stage-specific parasitism may be beneficial in the long run. The
ecological consequences of stage-structured mutualism remain
largely understudied (Ke and Nakazawa, 2018; Nakazawa, 2020).
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Further research is required in both empirical and theoretical
approaches to better understand how stage-structured mutualism
can mediate population dynamics and community structure.

Evolutionary Perspectives
Although the present study investigated if and when juvenile-
specific parasitism can increase host abundance, it should
be cautioned that here we cannot discuss its evolutionary
consequences because a larger population size does not
necessarily indicate greater individual fitness. As a preliminary
test, here we use an evolutionary invasion analysis to assess
how the host species would evolve its relationship with the
juvenile-specific partner in the present system. For this, we
introduced few mutant individuals, which differed from the
residents only in the rate of juvenile-specific parasitism aPJ, into
the host population at the steady state. Numerical simulations
of the resident–mutant competition revealed that the mutant
could replace the resident only when its aPJ value was lower
than that of the resident, implying that the host species would
evolve the parameter aPJ toward zero (Figure 6). This situation
resembles the tragedy of the commons in game theory (Hardin,
1968), i.e., at the individual level, it is more profitable to cut
off juvenile-specific parasitic partners, even though they would
contribute to an increase in host abundance in the long run,
and eventually, less selective individuals with higher aPJ will
be removed from the population. Indeed, plants have often
been observed to ontogenetically change mutualistic partners
in nutritional (Baudoin et al., 2002; Husband et al., 2002;
Mougel et al., 2006; Houlden et al., 2008; Micallef et al., 2009;

FIGURE 6 | Pairwise invasibility plots. The horizontal and vertical axes
represent the rates of resident and mutant juvenile exploitation by the partner
species, respectively. The white region indicates mutant dominance, whereas
the black region indicates expulsion of the mutant by the resident. The gray
region indicates extinction of the host species. The red dashed line indicates a
one-to-one correspondence. The origin of the graph indicates the
evolutionarily stable strategy where any mutants cannot invade the population,
and thus, evolution does not occur. Other parameter values are the same as
in Figure 3.

Chaparro et al., 2014; Sugiyama et al., 2014; Oono et al., 2015)
and defensive mutualism (Fonseca and Benson, 2003; Dejean
et al., 2008; Palmer et al., 2010; Miller and Flynn, 2014; Koch
et al., 2016). In these examples, host plants may select out
parasitic partners. From an evolutionary perspective, it would
be interesting to determine if and how stage-specific parasitism
would persist under such conditions.

We propose three mechanisms to explain the maintenance
of potentially beneficial but evolutionarily maladaptive stage-
specific parasitism. First, the partner species may also evolve to
overcome the anti-parasitism strategy (i.e., ontogenetic partner
shift) of the host species. Second, the anti-parasitism strategy
may impose some fitness costs on the host species. For example,
selective host individuals with lower aPJ can avoid juvenile-
specific parasitism, but may present slower growth than the
less selective individuals. Third, the spatial structure may allow
the coexistence of selective and less selective host populations.
Specifically, local populations of less selective host individuals
with higher aPJ would grow faster due to beneficial stage-specific
parasitism and disperse to other habitats more frequently than
selective host populations, which is known as the competition–
colonization trade-off (Levins and Culver, 1971; Calcagno
et al., 2006). The importance of spatial structure has been
acknowledged in evolutionary game theory (Roca et al., 2009;
Nowak et al., 2010). To theoretically test these ideas, the present
model (Eq. 1) should be extended to include coevolutionary
processes, energetic constraints, and spatial structure as well as
ontogenetic partner shifts between multiple partners in future
work (Nakazawa, in preparation).

Model Limitations and Future Directions
Here, we briefly discuss the limitations of the present model
(Eq. 1) and suggest future directions for model improvement
to better understand the ecological consequences of stage-
structured mutualism (see above for evolutionary perspectives).
First, we note that the present model assumes that the partner
species is always parasitic to the juvenile host. Although this
was assumed to explicitly describe stage-specific parasitism,
the type of the juvenile-specific interaction may vary along
the mutualism-parasitism continuum, similarly to that of the
adult-specific interaction. This implies that the juvenile host
may also exploit the partner species. In this case, if partner
exploitation by the juvenile host is intense and net parasitic to
the partner species, it can have indirect negative indirect effects
on the adult host due to the reduced mutualistic benefits. This
may lead to another counterintuitive outcome where partner
exploitation by the juvenile host may counterintuitively decreases
the host abundance.

It is also crucial to study multispecies systems beyond a
pairwise host–partner interaction. As mentioned above, the host
species may not only cut off the parasitic partner, but also obtain
other more profitable partners during the course of ontogenetic
growth (references cited above). In a previous study, Nakazawa
(2020) modeled a stage-structured one host–two partner system
in which the host was associated with different partner species at
the juvenile and adult stages. The model a priori assumed that
the partners were stage-specific specialists with fixed interaction
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strengths. It would be interesting to consider a situation where
ontogenetic partner shifts occur more dynamically, based on the
optimal partner choice and inter-partner competition for the
rewards provided by the host (Nakazawa, in preparation).

Community network models are particularly important for
describing multiple host–partner interactions. However, to the
best of our knowledge, the stage structure has not been included
in any existing mutualistic network model (e.g., Okuyama and
Holland, 2008; Valdovinos et al., 2013; Bascompte and Jordano,
2014). This is also the case for hybrid community networks,
which integrate the different interaction types, such as mutualism
and antagonism (parasitism) (e.g., Melián et al., 2009; Allesina
and Tang, 2012; Mougi and Kondoh, 2012; Sauve et al., 2014;
Suweis et al., 2014; Lurgi et al., 2016). Although the importance
of stage structure in community ecology has been recognized in
recent years (Miller and Rudolf, 2011; de Roos and Persson, 2013;
Nakazawa, 2015, 2017; de Roos, 2020b), stage-structured network
models remain limited to food web systems consisting only of
purely antagonistic interactions (Mougi, 2017; de Roos, 2020a).
Future theoretical work should incorporate the ontogenetic
perspective (age, stage, and body mass) into mutualistic and
hybrid community networks.

CONCLUSION

Stage-structured (size-structured) prey–predator interactions
have been extensively studied for better describing food-web
dynamics (Miller and Rudolf, 2011; de Roos and Persson,
2013; Nakazawa, 2015, 2017; de Roos, 2020b). In contrast,
little is known about the ecological consequences of stage-
structured mutualism. In this study, we numerically investigated
if and under which conditions juvenile-specific parasitism by
a mutualistic partner species can increase host abundance in a
pairwise stage-structured mutualism. The results identified the
following two ecological conditions:

(i) The benefits derived by the adult host from the partner
species are relatively large and the costs imposed on the
juvenile host by the partner species are small (partner
investment hypothesis).

(ii) The host population growth is limited by adult
reproduction instead of juvenile maturation (ontogenetic
asymmetry hypothesis).

Although both these hypotheses were found to be feasible,
extensive numerical simulations revealed that the ontogenetic
asymmetry hypothesis was more likely to operate than the
partner investment hypothesis. These results suggest that we will

need to more carefully interpret the ecological consequences
of mutualism. This is one of the few studies to examine
the ecological consequences of stage-structured mutualism (Ke
and Nakazawa, 2018; Nakazawa, 2020). Further research is
required in both empirical and theoretical approaches to better
understand the mechanism by which stage-structured mutualism
mediates population dynamics and community structure in more
complex systems. Furthermore, it is also important to study
the evolutionary dynamics of stage-structured mutualism and
in particular, the maintenance of stage-specific parasitism in
response to anti-parasitism strategies. We believe that our work
will contribute to the establishment of ontogenetic perspectives
for the ecology of mutualism and provide a basis for future
investigations and discussions on broader ecological aspects,
including biodiversity conservation and ecosystem management.
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