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of competitive species requires niche differentiation, and such differences are well known; however,
the neutral theory, which assumes the equivalence of all individuals regardless of the speciesina
biological community, has successfully recreated observed patterns of biodiversity. In this research,
the evolution of sex allocation is demonstrated to be the key to resolving why the neutral theory works
well, despite the observed species differences. The sex allocation theory predicts that female-biased
allocation evolves in species in declining density and that this allocation improves population growth,
which should lead to an increase in density. In contrast, when the density increases, a less biased
allocation evolves, which reduces the population growth rate and leads to decreased density. Thus, sex
allocation provides a buffer against species differences in population growth. A model incorporating
this mechanism demonstrates that hundreds of species can co-occur over 10,000 generations, even
in homogeneous environments, and reproduces the observed patterns of biodiversity. This study
reveals the importance of evolutionary processes within species for the sustainability of biodiversity.
Integrating the entire biological process, from genes to community, will open a new era of ecology.

Biodiversity has long been a source of wonder and scientific curiosity’. An important measure of biodiversity
at a specific trophic level is the species abundance distribution, which is usually illustrated in a rank-abundance
diagram (RAD), where the logarithm of abundance is plotted against the rank of species in abundance**. RADs
show a certain pattern over a wide range of ecological communities, which suggests that a general theory of bio-
diversity should apply. Two major groups of theoretical models have been designed to explain this pattern>=. One
group of models is based on niche theory, where each species occupies a niche in a multi-dimensional resource
space specifically used by the focal species. Diversity is determined primarily by the number of available niche
spaces; thus, this theory predicts that within-species differences in niche availability are a key feature of high
species diversity. The other group of models is based on the neutral theory, which assumes that all individuals
have the same demographic parameters, regardless of their species identity. Although this assumption appears to
be unrealistic, the neutral theory has successfully recreated the RADs observed in nature®. which has generated
a vigorous debate among ecologists because the success of the neutral theory appears paradoxical in light of the
manifest differences among species.

The study of sex allocation is one of the most productive fields in evolutionary biology'*-*, with a large empir-
ical literature to support the theoretical predictions; however, sex allocation is a frequently overlooked feature of
sexual organisms in community ecology research. Sex allocation is strictly linked to the population dynamics of
a species because allocations to male reproductive functions (such as pollen or male offspring) do not directly
contribute to population growth. Generally, the sex allocation theory predicts equal allocation to male and female
reproductive functions for the optimal division of resources'®!!. However, such allocations are based on certain
assumptions, such as random mating and a large mating population. In plant species with low density (i.e., a few
individuals in the pollen dispersal area), allocation to pollen reduces the mating success rates for each pollen
grain due to the limitation of available mating partners, whereas greater allocation to seeds creates more mating
partners for pollen grains. Thus, this intraspecific competition over mating promotes the evolution of excess
female-biased allocation at a low density. For example, if only one individual occurs in the pollen dispersal area,
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then this individual should allocate most of its resources to seeds because a sufficient amount of pollen is avail-
able to fertilize all of the seeds. Hamilton'? developed a generalized model that includes low and high density
conditions. In this model, an evolutionarily stable allocation to females (seeds) is (n + 1)/2n, where n represents
the number of individuals in a local mating population (pollen dispersal area). If » is sufficiently large, equal
allocation (0.5) occurs. In community ecology, the most important aspect of this formula is that adaptive allo-
cation depends on the density of the species or on the number of conspecific individuals in the pollen dispersal
area. Therefore, the theory predicts that female-biased allocation evolves in species with declining density and
that this allocation improves population growth, which should lead to an increase in the density. In contrast,
when the density increases, a less biased allocation evolves, which reduces the population growth rate and leads
to decreased density. Previous studies'®-?! have shown that this negative density-dependent effect of adaptive sex
allocation on population growth allows two competitive species to co-occur in a homogeneous environment that
does not allow niche differentiation. In this study, the previous model?! was generalized and applied to multiple
species to show that the co-occurrence of sexual organisms persists without niche differentiation. Moreover, it
is demonstrated that the model is capable of recreating the S-shaped form of a RAD that is observed in nature.

Model

To show the effect of sex allocation on an ecological community, an individual-based model was constructed that
assumes a community of haploid annual plant species in a homogeneous environment. The spatial structure of the
model followed an island model in which individuals belonged to one of the local populations that corresponded
to the pollen dispersal area. In the model, each individual allocates a species-specific amount of resources to
pollen and seeds depending on the individuals’ genetic value of locus g (0 < g < 1). This species-specific amount
of available resources reflects differences in the species-level adaptation to the environment, e.g., photosynthetic
capabilities under certain light conditions. Each seed is fertilized by a single pollen grain that is randomly selected
from the pool of total pollen produced by conspecific individuals within the pollen dispersal area. To simplify the
model, self-compatible species were assumed, which ensured fertilization for any seed. Individuals in the next
generation were randomly selected from the pool of total seeds produced by the entire community; these individ-
uals inherit genes randomly from either the mother or father. The total number of individuals was fixed over the
generations. Random mutation occurred with a constant probability per generation per locus (i.e., 0.001); then,
gene (g) was replaced with a uniform random number between 0 and 1. All of the seeds that were not selected
as individuals in the next generation die, which assumes that a seed bank is not available in the soil. After the
blooming season, all of the flowered individuals die, and the next generation starts. The simulations began with
individuals that presented random genetic values (a uniform distribution between 0 and 1), and the species of
each individual were randomly decided with equal probability. The simulation code can be accessed as a supple-
mentary file.

Results and Discussion

In the model, species-specific amounts of resources were sequentially set from 2 to 1.1 at an equal interval (0.1),
and the results indicate that 10 species co-occurred over 2,000 generations (Fig. 1). Although the dominant spe-
cies presents the largest quantity of available resources in the community, less dominant species persisted because
the high-density species allocate approximately half of their resource to male functions (pollen) due to intraspe-
cific competition over mating, which reduces their population growth rates (production of seeds). Similarly,
less dominant species cannot easily increase their densities because increased density improves the genetic
contribution of pollen to the next generation within the species, which inhibits the evolution of an extremely
female-biased allocation. The evolution of sex allocation induces invariant population growth rates among species
that share an environment and receive unequal amounts of resources; therefore, sex allocation leads to the stable
co-occurrence of multiple species, even in homogeneous environments. The model presented here predicts cyclic
dynamics in demographics and sex allocations, and that the sex allocations of rare species are more female-biased
than those of common species because they evolve depending on the species density (Fig. 1).

The model also indicates that the species with relatively few available resources generate a small population
size and occasionally go extinct. This extinction arises not only from interspecific competition over space but also
from their small population size, which reduces genetic variation and the possibility of new mutations, both of
which are essential for the evolution of female-biased allocation. Thus, these species stochastically fail to achieve
female-biased allocations before extinction due to their small population size. In other words, under these sim-
ulated condition, extinction should never occur when there is infinite space. Indeed, in a simulation that began
with 1,000 species and when species-specific amounts of available resources are sequentially set from 2 to 1.001
at an equal interval, the number of species co-occurring over 10,000 generations was positively correlated with
the total number of individuals in the community (Fig. 2). This result suggests that with infinite space, any species
can survive, even if it does so at an infinitely small frequency, despite the homogeneity of the environment and the
differences in the amount of resources allocated by each species to reproductive functions.

At the end of the simulations, the RADs exhibited an S-shaped form (Fig. 3), which is common for field
data?"*. This result is not surprising because the evolutionary dynamics, including interspecific competition over
space and intraspecific competition over mating, produce RADs in this form. To explain this phenomenon, a
modification was required in the equation of Hamilton’s sex allocation theory!?, as follows:

n+1
wm (1)

where s and n represent an evolutionarily stable allocation to females (seeds) and the number of individuals in
alocal population, respectively. In Hamilton’s formula, the number of individuals of the focal species is fixed in
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Figure 1. Simulation results showing the evolutionary dynamics of sex allocation and demographics

over 2,000 generations. Each coloured line corresponds to the dynamics of each species and is a plot of the
logarithm of species abundance against the mean allocation to female reproductive function (seeds), starting
from approximately 10° individuals with equal allocation (0.5). The number on each coloured line indicates the
amount of available resources for the species. The dashed line is the theoretical prediction: s=(A+1—
exp(—A))/2\, where s and )\ indicate an evolutionarily stable allocation to females and the expected number

of conspecific individuals in the pollen dispersal area (local population), respectively. The grey vertical lines
indicate allocations in which the population growth rate of a certain species is equal to that of the dominant
species with allocation observed at the end of the simulation. The total number of individuals and the number
of local populations in the community are 10° and 10%, respectively. Thus, each local population contains 100
individuals, and the density A multiplied by the number of local populations 10* becomes the total number of
individuals for each species (y-axis). The inset panel illustrates how the evolution of sex allocation stabilizes the
density of each species. The circles in the flowers reflect the individuals’ allocations to seeds (pink) and pollen

(blue).

any local population. In the model presented here, rare species are absent in certain local populations and sex
allocation does not occur in these local populations. Therefore, n should be replaced by the expectation of a
zero-truncated Poisson distribution:

1—e? (2)

where X indicates the density of the species, i.e., the expected number of conspecific individuals in the pollen
dispersal area (local population). Thus, an evolutionarily stable sex allocation can be written as a function of the
density as follows:

A+ 1—e?

22 ®3)
In regions under and above this equation (the dashed line in Fig. 1), female- and male-biased allocation
evolves in the species, respectively. Similarly, whether the population size of a species increases or decreases is
switched with the threshold line (the grey vertical lines in Fig. 1) on which the population growth rate of the spe-
cies is consistent with that of other species in the community. Therefore, this evolutionary dynamics maintains the
sex allocation and density of any species close to the line of this equation (Figs 1 and 3). For species that exhibit

densities close to this line, the RADs inevitably form an S-shape.
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Figure 2. The large space improves the persistence of a considerable number of species over 10,000
generations. The mean number of species co-occurring at the end of the simulations (10,000 generation) are
plotted against the spatial scale (total number of individuals in the community), with error bars representing
one standard deviation. In each plot, 100 simulations were performed. The species-specific amounts of available
resources were sequentially set from 2 to 1.001 at equal intervals.

To simulate more realistic conditions, two additional factors were incorporated into the model. One factor
was a limitation of the seed dispersal range. In the above models, the individuals of the next generation were
randomly chosen from the seeds produced in the entire community, which is unlikely to occur in nature because
the dispersal distance of seeds is generally shorter than that of pollen. Therefore, the model was modified as fol-
lows: the probability of randomly selecting individuals of the next generation from seeds produced throughout
the entire community (long-distance dispersal) was small (d), and the remaining individuals are selected from
seeds produced in the local area (short-distance dispersal), which is smaller than the pollen dispersal area. The
forms of RADs are robust with this modification (Fig. 4). The other factor incorporated into the model is a
heterogeneous environment that permits niche differentiations among species. Here, two types of environment
were incorporated into the model. The first type of environment was the same as in the above model, where the
species-specific amount of available resources was sequentially set from 2 to 1.001 at equal intervals and occupied
three-quarters of the region in the model. The residual region represented the other type of environment, where
the species-specific amount of available resources was set as a reverse sequence from 1.001 to 2 at equal intervals.
This heterogeneous environment increased the number of persistent species compared with that of a homogene-
ous environment, although the RAD forms were maintained (Fig. 4). Note that the qualitatively same results were
obtained from the simulations with three different conditions: lower mutation rates (Supplementary Fig. S1),
another pattern of mutation that is perturbing existing genetic values (Fig. S2), and a normal distribution for the
species-specific amount of resources (Fig. S3). These results demonstrate that sex allocation provides a buffer
against species differences regardless of niche availability and causes invariance in population growth rates
among the species. Therefore, the model consistently reproduced the S-shaped form of RADs, even after these
modifications.

To focus on how the S-shaped form of RADs arises from the negative density-dependent effect of intraspe-
cific competition over mating, simple conditions were assumed, and thus many interesting topics remain uncov-
ered. For example, the model supposed no inbreeding depressions and complete self-compatibility for any
species, which ensures the mating success of any seeds via selfing. These factors will strongly influence popu-
lation dynamics, especially when population size decreases rapidly. If the species density decreases gradually, it
would be expected that most deleterious genes are purged out and self-compatibility would evolve, which would
allow the species long-term continuation with excess seed-biased allocations at low density. Interestingly, the
model presented here predicted that such rare species have the potential to be invasive alien species when they
obtain large amounts of resources in introduced environments due to their self-compatibility, lack of inbreed-
ing depressions and excess seed-biased allocations. After a rapid increase in density of the invaded species, the
evolution of sex allocation toward equal numbers in the invaded species gradually reduces its impact on other
native species. During this invasion process, some native species in the invaded region will go extinct when the
evolution of female-biased allocation is delayed. Therefore, integrating the effects of inbreeding depressions and
self-compatibility into the model is an important direction not only for community ecology but also for conser-
vation biology.

Although the neutral theory does not consider species differences, it successfully recreates general species
abundance patterns*’. However, in the real world, species are different from each other. The model presented here
demonstrates how the evolution of sex allocation mitigates species differences in population growth rates. Thus,
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Figure 3. Species rank abundance diagrams drawn from the results of Fig. 2. The light and dark coloured
lines correspond to the results of a single simulation run and the mean of 100 simulation runs, respectively.
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Figure 4. Species rank abundance diagrams for the simulation runs after 10,000 generations. The light
and dark coloured lines represent the results of the single simulation run and the mean of 100 simulation runs,
respectively. For all of the simulations, the total number of individuals in the community is 10°. The pollen and
seed dispersal areas contain 10° and 102 individuals, respectively.

the sex allocation theory has the potential to reconcile the niche theory and the neutral theory. Considering the
dominance of sexual reproduction in nature, sex allocation must be ubiquitous. Although allocating resources
to male reproductive functions does not appear to be a strategy for increasing population growth, commonly
observed species allocate approximately half of their resources to males'%2. Together with previous findings, this
study provides insights into the mystery of biodiversity and shows how the intrinsic feature of sexual organisms
permits the stable co-occurrence of competitors over a broad range of environments.

References

1.
2.
3.

4.

Tilman, D. Causes, consequences and ethics of biodiversity. Nature 405, 208-211 (2000).

Hubbell, S. P. The unified neutral theory of biodiversity and biogeography. (Princeton University Press, 2001).

McGill, B. J. et al. Species abundance distributions: moving beyond single prediction theories to integration within an ecological
framework. Ecol. Lett. 10, 995-1015 (2007).

Chao, A., Hsieh, T. C., Chazdon, R. L., Colwell, R. K. & Gotelli, N. J. Unveiling the species-rank abundance distribution by
generalizing the Good-Turing sample coverage theory. Ecology 96, 1189-1201 (2015).

. Tilman, D. Niche tradeoffs, neutrality, and community structure: a stochastic theory of resource competition, invasion, and

community assembly. Proc. Natl. Acad. Sci. USA 101, 10854-61 (2004).

. Silvertown, J. Plant coexistence and the niche. Trends Ecol. Evol. 19, 605-611 (2004).
. Gravel, D., Canham, C. D., Beaudet, M. & Messier, C. Reconciling niche and neutrality: the continuum hypothesis. Ecol. Lett. 9,

399-409 (2006).

. Cobey, S. & Lipsitch, M. Niche and neutral effects of acquired immunity permit coexistence of pneumococcal serotypes. Science 335,

1376-80 (2012).

. Rosindell, J., Hubbell, S. P. & Etienne, R. S. The unified neutral theory of biodiversity and biogeography at age ten. Trends Ecol. Evol.

26, 340-348 (2011).

. Dising, C. Die regulierung des geschlechtsverhiltnisses bei der vermehrung der menschen, thiere und pflanzen. Jenaische Zeitschrift

fiir Naturwiss. 17, 593-940 (1884).

. Fisher, R. A. The Genetical Theory of Natural Selection. (Clarendon, Oxford, 1930).

. Hamilton, W. D. Extraordinary Sex Ratios. Science (80) 156, 477-488 (1967).

. Herre, E. A. Sex ratio adjustment in fig wasps. Science (80) 228, 896-898 (1985).

. Boomsma, J. J. & Grafen, A. Intraspecific variation in ant sex ratios and the Trivers-Hare hypothesis. Evolution (NY) 44, 1026-1034 (1990).
. Hardy, I. Sex ratios: concepts and research methods. (Cambridge Univ Pr, 2002).

. West, S. A. Sex allocation. 44 (Princeton Univ Press, 2009).

. Kobayashi, K. & Hasegawa, E. Isolation of microsatellite loci from the onion thrips, Thrips tabaci. J. Insect Sci. 13, 1-5 (2013).

. Abe, J., Kamimura, Y., Shimada, M. & West, S. A. Extremely female-biased primary sex ratio and precisely constant male production

in a parasitoid wasp Melittobia. Anim. Behav. 78, 515-523 (2009).

. Zhang, D.-Y. & Jiang, X.-H. Local Mate Competition Promotes Coexistence of Similar Competitors. J. Theor. Biol. 177, 167-170

(1995).

. Zhang, D.-Y,, Lin, K. & Hanski, I. Coexistence of cryptic species. Ecol. Lett. 7, 165-169 (2004).
. Kobayashi, K. & Hasegawa, E. A female-biased sex ratio reduces the twofold cost of sex. Sci. Rep. 6, 23982 (2016).

SCIENTIFIC REPORTS | 7:43966 | DOI: 10.1038/srep43966 6



www.nature.com/scientificreports/

Acknowledgements

I would like to thank E. Hasegawa and K. Matsuura for their helpful comments. This work was supported by the
Grant-in-Aid for the research fellows (PD) at the Japan Society for the Promotion of Science (no. 14J00916). The
simulations were partially performed on an NIG supercomputer at the ROIS National Institute of Genetics.

Author Contributions
K.K. performed this research in its entirety.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Kobayashi, K. Sex allocation promotes the stable co-occurrence of competitive species.
Sci. Rep. 7,43966; doi: 10.1038/srep43966 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

MM o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43966 | DOI: 10.1038/srep43966 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Sex allocation promotes the stable co-occurrence of competitive species

	Model

	Results and Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Simulation results showing the evolutionary dynamics of sex allocation and demographics over 2,000 generations.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The large space improves the persistence of a considerable number of species over 10,000 generations.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Species rank abundance diagrams drawn from the results of Fig.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Species rank abundance diagrams for the simulation runs after 10,000 generations.



 
    
       
          application/pdf
          
             
                Sex allocation promotes the stable co-occurrence of competitive species
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43966
            
         
          
             
                Kazuya Kobayashi
            
         
          doi:10.1038/srep43966
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43966
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43966
            
         
      
       
          
          
          
             
                doi:10.1038/srep43966
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43966
            
         
          
          
      
       
       
          True
      
   




