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ARTICLE INFO ABSTRACT

Keywords: The evolution of cooperation and mutualism has mainly been explored through individual- and group-level
Cooperation processes. However, community-level processes could also impose selection pressure on species interactions. By
Competition using a dome-shaped nonmonotonic interaction (DS interaction) with cooperation at low-density and compe-
Exploitation

tition at high-density, we studied how cooperation and exploitation are selected at the meta-community level.
Our results showed that population densities of species and communities were both significantly associated with
the number of DS interactions and the species interaction modes. The more cooperation a species received via DS
interactions, the higher its density was. A community with more DS interactions, especially more reciprocal
cooperation, showed a higher total population density. Both reciprocal cooperators and exploiters in a local
community were more favoured than unidirectional cooperators within a closed community. When facing
competition from a community without cooperators (with only competitors), both reciprocal cooperators and
exploiters were favoured in a local community, but only reciprocal cooperators were more favoured when facing
competition from another community with cooperators. Our results suggest that selection at the meta-com-
munity level could be an alternative mechanism for the evolution of cooperation and the depression of ex-
ploitation between competitors.

Meta-community

1. Introduction

The evolution of cooperation has been extensively studied
(Axelrod and Hamilton, 1981). Several classic theories, such as kin-
selection, group selection, social punishment and direct or indirect re-
ciprocal rewards, have been proposed to explain the emergence of co-
operation or altruism among selfish competitors or exploiters
(Nowak, 2006). Starting from 90s in the last century, there have been
an increasing number of works on the evolution of cooperation within a
network framework (Nowak and May, 1992; Perc and Szolnoki, 2010;
Rand et al., 2014; Santos and Pacheco, 2005; Szab6 and Fath, 2007),
and made many important discoveries on how network structure can
entangle with cooperation evolution largely due to an application of
statistical physics (Perc et al., 2017; Santos and Pacheco, 2005; Szabd
and Fath, 2007). Recently, this field made more advances by in-
vestigating evolutionary games on multilayer networks (networks of
networks) (Wang et al., 2015b).

Regarding the selection pressure on the evolution of cooperation,
there is still no consensus on the level of selection. Many evolutionary
biologists believed that natural selection acted primarily at the level of
the individuals, while higher level selection has been controversial
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since it was firstly suggested by Charles Darwin (Darwin, 1871; Smith,
1964). Early group-level selection theory argued that individual ani-
mals could take actions for good of the species (Burkhardt, 2005),
which was mathematically proved unlikely to occur and supported by
few empirical evidence (Smith, 1964). However, there is a rebuttal on
the higher level selection in recent years, e.g., multilevel selection
theory. This theory considered groups of individuals may have func-
tional organizations that can act as selection “vehicles” (Nowak et al.,
2010b; Wilson and Sober, 2010), e.g., groups of social insects or pri-
mates. Groups that cooperate better might survive and reproduce have
an advantage than those that did not. Yet, it again raised a lot of debates
(Abbot et al., 2011). Furthermore, natural selection pressures may not
be limited to individuals or groups with a species, they may also affect
the persistence or competitive ability of a species via intra- or inter-
specific interactions at the community-level (Goodnight, 1990;
Goodnight, 2005). However, previous studies on evolution of co-
operation usually focused on evolutionary scales, while recent works
showed that ecological and evolutionary process could be entangled
(Post and Palkovacs, 2009). The effects of ecological dynamics on
evolution of cooperation were less well studied.

Unlike individual-level cooperation, mutualism or interspecific
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cooperation mainly involves two species interacting and benefiting
each other. So far, the theoretical framework on the evolution of mu-
tualism often requires repeated interactions between the same partners,
rewards for cooperation and punishments for defection or exploitation
(Axelrod and Hamilton, 1981; Nowak, 2006). Multi-level selection
might also emerge on evolution of cooperation in evolving networks
(Szolnoki and Perc, 2009a,b). From the perspective of community dy-
namics at ecological scales, linear cooperation and mutualism drive
community instability due to infinite positive feedbacks in complex
ecological networks (May, 2001) and thus are less favoured by natural
selection at the community level. Recent studies indicate that co-
operation between competitors (i.e., species cooperate at low density
and compete at high density, also called dome-shaped nonmonotonic
interaction or DS interaction) could facilitate species coexistence and
persistence (Yan and Zhang, 2014; Zhang et al., 2015). An additional
study indicates that DS interactions could promote biomass accumula-
tion while maintaining the persistence of a community (Yan and
Zhang, 2018). The biological meaning of a DS interaction is that co-
operation between competitors occurs at low population densities,
while competition occurs at high population densities (Zhang, 2003). It
is reasonable to use DS interactions to investigate how cooperation and
mutualism between competitors could be selected for at the community
level.

Most natural communities are relatively connected, either physi-
cally or by species dispersal, and therefore form meta-communities at
some spatial scales (Leibold et al., 2010; Levin and Horn, 2018). Thus,
population and community dynamics are not only affected by local
species interactions but are also impacted by species interactions from
other linked communities through regular dispersal processes or occa-
sional invasions. The dynamics of meta-communities could serve as a
mechanism for the selection of species and interaction strategies at the
community level (Johnson and Boerlijst, 2002; Miller and Travis, 1996;
Szolnoki and Perc, 2009a,b; Wang et al., 2015a). Unlike previous stu-
dies on high-level selection that often examined the evolutionary fitness
of groups of individuals within a species, the meta-community dy-
namics could affect the fitness of species at ecological scales, i.e., the
density or dominance of species. Species may form distinct interaction
types in their local communities, and when they confront new, but si-
milar communities through dispersal, competition may occur, namely,
competition between communities; the originally formed interactions
of each local community will affect the consequences of community
competition, thereby creating a selection force on species interactions.
This meta-community framework could not only help to understand the
effects of nonmonotonic interactions on community dynamics at a re-
gional level but also provide a candidate framework for explaining the
evolutionary mechanisms of cooperation and mutualism as driven by
community-level selection at ecological scales, which is still poorly
investigated.

This study aimed to integrate an ecological (meta-) community
framework with the evolution of species interactions by studying the
effects of DS interactions (i.e., with cooperation at low density) on
population and meta-community dynamics. In this study, species po-
pulation density, i.e., the persisting population density of a species
within a local community, was defined as the fitness of a species within
a local or a meta-community. The species population density re-
presented the dominance of a species within a community, which was
related to the fitness of populations associated with success of survival
and reproduction. We chose the species population density as the fitness
index within a community because it is a basic and important char-
acteristic for species at the ecological scales and involved in both eco-
logical and evolutionary processes. The community population density
was defined as the sum of persisting population densities of all species
within a community, which measured the dominance of the community
within meta-communities. We defined a community with a higher total
population density of all species had a higher fitness at the meta-
community level. The local interaction structure was represented by 3-
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species interaction motifs, which are small, functional and connected
subgraphs in large interaction networks (Milo et al., 2002). Based on a
3-species community with linear competitions, we first replaced linear
competition interactions with dome-shaped interactions and examined
the effects of DS interactions on species- and community-level popu-
lation densities. The community containing only linear interactions was
designated the LC-community, and the community containing DS in-
teractions was designated the DS-community for simplified description.
Second, we investigated the meta-community dynamics by linking an
LC-community and a DS-community via species dispersal. Finally, we
linked various DS-communities together to study the selection of co-
operation and exploitation at the meta-community level.

2. Methods
2.1. Dome-shaped interaction

To construct a 3-species LC-community, we used a linear competi-
tion model Egs. (1.1) and (1.2). To construct a 3-species DS-community
containing cooperation, the DS interaction was introduced by multi-
plying an extra term that shifted the interaction effect from positive to
negative, with an increase in population density of the interaction
partner, which resulted in cooperation at low density but competition
at high density Egs. (2.1) and (2.2). N; and N, are the population
densities of species 1 and 2 respectively; r; and r, are the intrinsic
growth rates; a;» and a; are the competition coefficients; b and c are
the threshold densities of the interaction shift (N < c¢/b, positive effect
or cooperation, N > c/b, negative effect or competition, N = ¢/b, no
effect or neutralism). Fig. 1 shows the phase plane analysis of the co-
existing cases between two species with symmetrical linear competition
and a DS interaction.

% = Ni(n — Ny — a;,Ny) 1.1)
% = Ny(r, — Ny — anlNy) (1.2)
% = N[ = N — apNy(baN; — ¢12)] 2.1)
% = Ny[r = Ny — @ Ny (b N — )] (2.2)

2.2. Construction of a 3-species community

We used a 3-species model to study the effects of DS interactions on
species and community dynamics. First, we adopted a 3-species com-
petition network, within which all three species showed linear sym-
metrical competition effects among themselves. Based on this LC-
community (indicated by M,, Fig. 2a), the dome-shaped interactions
were then introduced, one by one, to the interaction between pairs of
species (DS-communities, indicated by M1.1-M6.1, Fig. 2a) until all the
interactions were replaced with DS interactions. There were some cases
in which the same number of DS interactions were introduced, but the
community structures were different (i.e., M2.1-2.4, M3.1-3.4,
M4.1-4.4 in Fig. 2a). This replacement resulted in 15 types of DS-
communities with different interaction structures.

2.3. The interaction mode of a species within a community

According to the interaction pattern a species had with its neigh-
bouring species, its interaction mode was categorized into different
types by considering the number of instances of reciprocal cooperation
(RC), unidirectional exploitation (E) and unidirectional cooperation (C)
present in the species. RC indicated that the species was involved in a
reciprocal DS interaction (i.e., reciprocal cooperation at low density);
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Fig. 1. The phase plane analyses of linear competition (a) and dome-shaped (DS, b) interaction models following Eqs. (1.1) and (1.2) and Egs. (2.1) and (2.2),

respectively. The results illustrated that the species with DS interactions have higher densities than those of linear competition. r; = ro= 1, aj»

a, = 0.5,

bio = by; = 1, c15 = ¢12 = 1.8. The red lines indicate zero-growth isoclines for species 1 (N;), and the blue ones for species 2 (N5). For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)”

unidirectional exploitation (E) indicated that the species received a DS
interaction from the other species; and unidirectional cooperation (C)

indicated that the species contributed a DS interaction to the other
species. One species can have multiple interactions simultaneously. For

example, the interaction mode “RC + E + C” = “1 + 0 + 1” indicates

that this species received one reciprocal cooperative interaction from

one species and no unidirectional cooperation from the other species,
and contributed one unidirectional cooperative interaction.

2.4. Community and meta-community dynamics models

We adopted a set of differential equations to simulate population
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Fig. 2. The relationships of simulated equilibrium densities with species interactions in 3-species local communities. (a) The equilibrium states of an LC-community
(MO0) and DS-communities (M1.1-6.1). The size of each circle is scaled to the equilibrium density. The grey straight arrows indicate linear negative effects. The blue
curved arrows indicate dome-shaped effects containing cooperation at low density. (b) The relationship between species population density and the number of DS

interactions a species received in a local community. (c) The relationship between species population density (mean =+

SE) and the interaction mode of a species

(RC + E + G, i.e,, reciprocal cooperation + unidirectional exploitation + unidirectional cooperation) in a local community. All pairwise comparisons are sig-
nificantly different (P < 0.001) except for the comparisons of “0 + 1 + 0”vs “1 + 0 + 0”and “1 + 1 + 0”vs “2 + 0 + 0.”
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dynamics (Eq. (3)). In the model, N; is the population density of species
i, r; is the intrinsic growth rate, d; is the self-density dependence coef-
ficient (set to 1), a;; represents the linear interaction effect of species j
on species i, and aj, represents the dome-shaped interaction effect of
species k on species i. The coefficients by, and c; determine the
threshold density, where the positive effect shifts to a negative effect. J
and K represent the number of species showing linear and DS interac-
tion effects, respectively.

aN;
dt

J K
= Nj|rn —diN; — Z a;N; — 2 Qg Ni (b Nie — i)
J=1, j#i k=1, k#i

3

The meta-community dynamics model (Eq. (4)) was modified from
HYPERLINK \I "eqn0005" Eq. (3) by adding an extra dispersal compo-
nent between two communities, where Nj;, is the population density of
species i in patch p. The subscript q indicates that the patch is connected
to patch p. The dispersal process included immigration and emigration,
both defined as a linear function of density. m; is the dispersal coeffi-
cient, which assumed an identical dispersal ability for one species
across patches. Q represents the number of patches connected to patch

D.

dN,,

J K
dt = Ivip[rl - diMp - Z aijzvjp - Z aikap(blkap - Cik)

=1, j#i k=1, ki

Q
-mNy= 2 N,
q=1, g#p

4

3. Simulation
3.1. Simulation of local community dynamics

We first simulated the population dynamics of 1000 replicates for
each type of community (My-Mg ;) to investigate the effects of DS in-
teractions on the equilibrium density for each species and the total
population density of each community (Fig. 2). In the study, r; was set
to be identical for all three species, which was randomly drawn from a
uniform distribution [0.5, 1.5] for each simulation. The coefficient re-
presenting the negative competition effect of species j on species i was
defined as a;; = gjx g;/(q;+g;), where g was the competitive ability
and was randomly drawn from a uniform distribution [0.01, 0.5]. Thus,
a species with a high competitive ability imposed a relatively strong
negative effect on its interacting partner. For this study, we let b = 1
and randomly drew c¢ from a uniform distribution [1, 2]. Initial popu-
lation density of each species was randomly drawn from a uniform
distribution [0, 5]. The simulation of population dynamics was in-
tegrated by the 4th order Runge-Kutta method for 20,000 time units
(time step = 0.01) with the deSolve package in R version 3.4 (R
Development Core Team, 2010; Soetaert et al., 2010).

3.2. Simulation of meta-community dynamics

The meta-community dynamics were simulated by linking two
communities that were assumed to be originally occupying two dif-
ferent patches (local community), through bi-directional dispersal of
species (Fig. 3). We assumed linear competition interactions between
species from two different local communities, but the species kept the
same DS interactions with the partners from their original community,
which assumed the integrity and preservation of the original commu-
nity (i.e., a DS interaction between species was assumed to be con-
served or heritable for these focal species). By using the simulated
equilibrium densities of the respective original closed community as
initial densities, we simulated the dynamics of meta-communities fol-
lowing Eq. (4).

Two scenarios were studied here, aiming to examine the

58

Ecological Complexity 37 (2019) 55-62

community-level selection of DS interactions (i.e., cooperation or ex-
ploitation). First, the LC-community was linked with various DS-com-
munities to form different LC + DS meta-communities. This scenario
was designed to test the selection of RC, E and C interaction modes
when a DS-community faces competition with an LC-community.
Second, we linked the DS-community with reciprocal cooperation in-
teractions (i.e., M2.1 and M4.4) and those with either unidirectional
cooperation or exploitation (i.e., M2.1 vs M2.2-2.4; M4.4 vs M4.1-4.3).
The second scenario was designed to test the selection of RC, E and C
modes when DS communities with same number of DS interactions
competed with each other. Because linking two communities would
lead to equilibrium states where the communities occupying the two
patches (local community) were identical, we only showed the results
for one community.

3.3. Statistical analysis

Linear mixed models (LMM) were applied to test the difference in
population density of a species (species population density) between
different species modes. The species population density was set as the
response variable, species interaction mode was set as the fixed factor,
and the different communities nested within replicates were taken as
the random factors. LMM was also applied for analysing the difference
in total population density of a community (community population
density) between communities, where the community population den-
sity was the response variable, community was the fixed factor, and
replicate was the random factor. A post hoc test of the pairwise com-
parison was performed for the above models. All response variables
were checked for approaching normal distributions. The R packages
used included Ilme4, IlmerTest, and I[smeans (R Development Core
Team, 2010).

4. Results
4.1. Local community dynamics

Introducing DS interaction into an LC-community substantially af-
fected the species population density (Fig. 2a). The equilibrium density
of a focal species depended on the number of DS interactions it re-
ceived. The more DS interactions it received, the higher the population
density it reached (Fig. 2b). The species interaction mode significantly
affected the species population density in a local community
(x* = 8.115 x 10 df = 9, P < 0.001; Fig. 2c, Fig. S1a). The species
with more RC and E modes had a higher population density than those
with a C mode. The species with “RC + E + C” modes of “0 + 2 + 0”
had the highest population density, and those with a mode of
“0 + 0 + 2” had the lowest density. The community population density
generally increased with the number of DS interactions it contained;
there were also significant differences between communities with same
number of DS interactions (x> = 7.42 x 10% df = 15, P < 0.001;
Fig. 4a).

4.2. Meta-community dynamics linking LC and DS communities

When linking DS-communities with an LC-community, the species
population density increased with the number of DS interactions it re-
ceived, but the rank of the species population density of the species
interaction mode was different from that for the local community dy-
namics (2 = 1.114 x 10% df = 9, P < 0.001; Fig. 3c, Fig. S1a). The
species with an RC mode had a higher population density than those
with E and/or C modes, while the unidirectional cooperators had lower
densities. The species with the mode “2 + 0 + 0” had the highest po-
pulation density, and the mode “0 + 0 + 2” had the lowest population
density (Fig. 3c). More DS interactions led to a higher relative com-
munity population density of the DS-community (compared with the
community population density of the LC-community; Fig. 4b).
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4.3. Meta-community dynamics by linking DS communities

When linking the communities with only RC modes (i.e., M2.1 and

M4.4) and the communities with E and/or C modes, the density of the

species with RC modes was always higher than those with E or/and C

(a)
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5. Discussion

modes (Fig. 5).

The evolutionary mechanism of cooperation has been extensively
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explored at the individual and group levels within an evolutionary
game framework, but how ecological community-level processes shape
the evolution of cooperation has been less well investigated in the lit-
erature. Our simulation results using DS interactions indicated that,
within a local community, both reciprocal cooperation and unidirec-
tional exploitation prevailed, but unidirectional cooperation was pro-
hibited. Similar results were observed within a meta-community by
allowing competition between an LC-community and a DS-community.
However, within a meta-community, by allowing competition between
the communities containing reciprocal cooperation and those with
unidirectional exploitation or cooperation, reciprocal cooperation pre-
vailed, but unidirectional exploitation was prohibited. The total popu-
lation density of a community was positively associated with the
number of DS interactions containing cooperation at low density. Our
results suggested that reciprocal cooperation between competitors was
favoured by natural selection at the meta-community level. Therefore,
selection at the meta-community level may be an alternative evolu-
tionary mechanism for the evolution of cooperation, not exploitation.
The game theory framework has been the main tool for studying the
evolution of cooperation by analysing the costs and benefits of inter-
actions between individuals. The repeated prisoner's dilemma, in which
the same partners interact repeatedly, was proposed as a basic frame-
work for studying cooperation between unrelated individuals (Axelrod
and Hamilton, 1981; Trivers, 1971). Evolutionary theories about in-
terspecific mutualism are largely inherited from the individual-level
framework. Most of the relevant work involves the strategies of re-
warding cooperation and punishing defection or the persistence of
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previously successful behaviours (Traulsen and Nowak, 2006). Previous
theories focused on fitness of individuals or groups of individuals, and
usually assumed a behavioural response to the partner's behaviour for
each iteration of a game, while at the community-level, the fitness of a
species can be measured by population growth and density, which are
long-term measurements affected by community or meta-community
dynamics. Thus, individual-level selection favouring cooperation does
not necessarily favour cooperation at the community level. For ex-
ample, linear mutualism can lead to a destabilized community in which
no species can persist (May, 2001). Actually, few species survive in an
isolated environment, so species interactions in a local community have
a large impact on the dominance or density of species (Callaway, 1995;
Vazquez et al., 2007). Community-level selection has been suggested as
an alternative selection force for species (Johnson and Seinen, 2002;
Szolnoki and Perc, 2009b; Wilson, 1992). We have shown that the in-
teraction mode of DS interactions had a significant impact on popula-
tion density of a species. Within a local community, the species inter-
action mode largely determined the species’ dominance within the
community. Previous studies suggested that at low-density, mutualism
between competitors (one type of DS interaction) can increase the
equilibrium density of a species, indicating that DS interaction has an
advantage over linear competition (Zhang, 2003). Similarly, in this
study, the more positive feedbacks received through DS interactions
were, the higher the population density of the focal species was. Within
a local community, we found that unidirectional exploiters
(“0 4+ 2 + 0”) had a similar, or even a slightly higher, density than
reciprocal cooperators (“2 + 0 + 0”), and unidirectional cooperators
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(“0 + 0 + 2”) had the lowest density (Fig. 2). Thus, it seems that a local
community should equally favour reciprocal cooperation and uni-
directional exploitation but not unidirectional cooperation. Ad-
ditionally, we found that there was some variation in density among
species with the same interaction mode (Fig. S1), indicating that the
population density of interacting partners also affects species dom-
inance and density.

Through species dispersal, species interaction types that originated
in different local communities (or patches) could act as a selective
pressure on the species (Johnson and Boerlijst, 2002). Some previous
studies showed that the spatial structure of communities affects the
evolution of antagonistic interactions in model systems (Baalen and
Sabelis, 1995; Haraguchi and Sasaki, 2000; Johnson and Boerlijst,
2002), but studies on mutualistic interactions are sparse (but see
Yamamura et al., 2004). Our results from the analyses of meta-com-
munity dynamics showed that the population density of a species
within a local community was affected by the invasion of interacting
partners from other communities. Linking an LC-community with a DS-
community led to a decrease in population density for all species, since
each species faced more competition. However, the population density
of the species that benefited from DS-interactions was still higher than
that for the species from the LC-community, which suggests an ad-
vantage for DS interactions in community competition. Unlike in closed
local communities, the reciprocal cooperators had a higher average
population density than the exploiters, indicating that the reciprocal
cooperators might have had some advantage over exploiters under the
meta-community scenarios. We noted that the unidirectional exploiter
(species 3 in M4.2) still had a similar density with the reciprocal co-
operators in some cases. This question was further addressed by con-
necting communities with only low-density reciprocal cooperation
(M2.1, M4.4) and communities with exploiters (M2.2-2.4, M4.1-M4.3).
With the same number of DS interactions in the communities, the re-
ciprocal cooperators (1 + 0+ 0 or 2 + 0 + 0) clearly had a higher
density than the pure or partial exploiters. This is probably due to fact
that the reciprocal cooperators (two species) in a local community
imposed double-negative effects on the exploiters from the other local
community. In a DS + DS meta-community, the exploiters were suc-
cessfully prohibited, suggesting that DS-interactions are not only im-
portant in promoting cooperation between competitors but also essen-
tial in depressing exploitation.

For a long time, ecologists have focused on the relationship between
total biomass or productivity and species richness across different
communities, such as the positive or dome-shaped relationships (Gough
et al., 1994; Philosophical Transactions of the Royal Society of London
B: Biological Sciences et al., 1999), while its relationship with species
interactions was not well studied, partly because the empirical eva-
luation of species interactions is often difficult (Wootton and
Emmerson, 2005). However, it has been shown that, in plant commu-
nities, nurse plants provide facilitation effects for other plants and
promote biomass accumulation during succession (Callaway, 2007;
Cavieres and Badano, 2009). In this study, the introduction of DS in-
teractions that allowed for low-density cooperation could significantly
benefit the total population density of a community. From the results of
local- and meta-community dynamics, the number of DS interactions in
a community mainly determined the rank of total population density
(Fig. 2). This was consistent with a previous study conducted using
complex networks (Yan and Zhang, 2018). There was a variation in
total population density for those communities having the same number
of DS interactions, suggesting that the local interaction structure also
affected the total population density of a community. At both the local-
and meta-community levels, reciprocal cooperation was found to sig-
nificantly increase community biomass accumulation. A special case
was that of community M3.1; this community had indirect reciprocal
cooperation and had a high total population density, because each
species received a positive effect from DS interactions, suggesting that
an indirect interaction mode also contributed to population density of a
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species.

Unlike individual-based selection theory, multi-level selection
theory states that selection acts on both individuals and groups, which
can also favour cooperation (Wilson and Sober, 1994). Traulsen and
Nowak (2006) found that during simulated competition between
groups, groups of cooperators outweigh groups of defectors because
individuals in cooperating groups reproduce more and split more often.
Our model is different from group selection for cooperation in several
aspects. First, our framework is not based on repeated games but on
ecological meta-communities; and second, the fitness of a species did
not depend on instant payoff but was based on the realized equilibrium
population density which indicates the dominance of the species. Al-
though a higher level of selection force was considered here, we
stressed the roles of ecological meta-community dynamics in the nat-
ural selection of cooperation and exploitation.

In our attempt to incorporate ecological meta-community level
process into evolution of cooperation, we noted our results were subject
to several limitations that needed further investigation. First, in this
study, our meta-community is only composed of two communities for
simplification, while the spatial structure of meta-communities should
be much more complicated in nature. The application of our results in
complicated spatial communities remained to be tested, probably by
integrating spatial networks and DS communities. Second, the meta-
community process introduced two levels of community structure: one
is the interaction structure within a local community, and the other is a
combination of different interaction structures from different local
communities. Although we focused on the level of species and above
that, the setting of structured DS communities has a certain analogy
with structured population that has been extensively studied for evo-
lution of cooperation (Nowak et al., 2010a; Tarnita et al., 2009, 2011).
How the merging of structured communities and populations impacts
on evolution of cooperation still needs further investigation.

In conclusion, both the reciprocal cooperators and exploiters in a
local community were more favoured than the unidirectional co-
operators or those facing competition from other noncooperating
communities, while the reciprocal cooperators in a local community
were more favoured when facing competition from other cooperating
communities. Our results suggest that selection at the meta-community
level could be an alternative mechanism for the evolution of reciprocal
cooperation and the depression of exploitation between competitors.

Competing interests

We have no competing interests.

Authors' contributions

Both authors contributed to study design, data analysis and writing.
Both authors gave final approval for publication.

Funding

This work was supported by the National Natural Science
Foundation of China (31500347, 31330013), the Youth Innovation
Promotion Association CAS (2018108), Strategic Priority Research
Program of the Chinese Academy of Sciences (XDB11050300) and the
13th Five-year Informatization Plan of Chinese Academy of Sciences
(XXH13506).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.ecocom.2018.11.001.


https://doi.org/10.1016/j.ecocom.2018.11.001

C. Yan, Z. Zhang

References

Abbot, P., Abe, J., Alcock, J., Alizon, S., Alpedrinha, J.A.C., Andersson, M., Andre, J.-B.,
van Baalen, M., Balloux, F., Balshine, S., Barton, N., Beukeboom, L.W., Biernaskie,
J.M., Bilde, T., Borgia, G., Breed, M., Brown, S., Bshary, R., Buckling, A., Burley, N.T.,
Burton-Chellew, M.N., Cant, M.A., Chapuisat, M., Charnov, E.L., Clutton-Brock, T.,
Cockburn, A., Cole, B.J., Colegrave, N., Cosmides, L., Couzin, 1.D., Coyne, J.A., Creel,
S., Crespi, B., Curry, R.L., Dall, S.R.X., Day, T., Dickinson, J.L., Dugatkin, L.A.,
Mouden, C.E., Emlen, S.T., Evans, J., Ferriere, R., Field, J., Foitzik, S., Foster, K.,
Foster, W.A., Fox, C.W., Gadau, J., Gandon, S., Gardner, A., Gardner, M.G., Getty, T.,
Goodisman, M.A.D., Grafen, A., Grosberg, R., Grozinger, C.M., Gouyon, P.-H.,
Gwynne, D., Harvey, P.H., Hatchwell, B.J., Heinze, J., Helantera, H., Helms, K.R.,
Hill, K., Jiricny, N., Johnstone, R.A., Kacelnik, A., Kiers, E.T., Kokko, H., Komdeur, J.,
Korb, J., Kronauer, D., Kiimmerli, R., Lehmann, L., Linksvayer, T.A., Lion, S., Lyon,
B., Marshall, J.A.R., McElreath, R., Michalakis, Y., Michod, R.E., Mock, D., Monnin,
T., Montgomerie, R., Moore, A.J., Mueller, U.G., Noé, R., Okasha, S., Pamilo, P.,
Parker, G.A., Pedersen, J.S., Pen, 1., Pfennig, D., Queller, D.C., Rankin, D.J., Reece,
S.E., Reeve, H.K., Reuter, M., Roberts, G., Robson, S.K.A., Roze, D., Rousset, F.,
Rueppell, O., Sachs, J.L., Santorelli, L., Schmid-Hempel, P., Schwarz, M.P., Scott-
Phillips, T., Shellmann-Sherman, J., Sherman, P.W., Shuker, D.M., Smith, J., Spagna,
J.C., Strassmann, B., Suarez, A.V., Sundstrom, L., Taborsky, M., Taylor, P.,
Thompson, G., Tooby, J., Tsutsui, N.D., Tsuji, K., Turillazzi, S., Ubeda, F., Vargo, E.L.,
Voelkl, B., Wenseleers, T., West, S.A., West-Eberhard, M.J., Westneat, D.F., Wiernasz,
D.C., Wild, G., Wrangham, R., Young, A.J., Zeh, D.W., Zeh, J.A,, Zink, A., 2011.
Inclusive fitness theory and eusociality. Nature 471, E1.

Axelrod, R., Hamilton, W., 1981. The evolution of cooperation. Science 211, 1390-1396.

Baalen, M.V., Sabelis, M.W., 1995. The Milker-Killer Dilemma in spatially structured
predator-prey interactions. Oikos 74, 391-400.

Burkhardt, R.W., 2005. Patterns of behavior: Konrad Lorenz, Niko Tinbergen, and the
founding of ethology. University of Chicago Press.

Callaway, R.M., 1995. Positive interactions among plants. Bot. Rev. 61, 306-349.

Callaway, R.M., 2007. Positive Interactions and Interdependence in Plant Communities.
Springer.

Cavieres, L.A., Badano, E.I., 2009. Do facilitative interactions increase species richness at
the entire community level? J. Ecol. 97, 1181-1191.

Darwin, C., 1871. The Descent of Man, and Selection in Relation to Sex. John Murray,
United Kingdom.

Goodnight, C.J., 1990. Experimental studies of community evolution i: the response to
selection at the community level. Evolution 44, 1614-1624.

Goodnight, C.J., 2005. Multilevel selection: the evolution of cooperation in non-kin
groups. Popul. Ecol. 47, 3-12.

Gough, L., Grace, J.B., Taylor, K.L., 1994. The relationship between species richness and
community biomass: the importance of environmental variables. Oikos 271-279.
Haraguchi, Y., Sasaki, A., 2000. The evolution of parasite virulence and transmission rate

in a spatially structured population. J. Theor. Biol. 203, 85-96.

Johnson, C.R., Boerlijst, M.C., 2002. Selection at the level of the community: the im-
portance of spatial structure. Trends Ecol. Evol. 17, 83-90.

Johnson, C.R., Seinen, I., 2002. Selection for restraint in competitive ability in spatial
competition systems. Proc. R. Soc. Lond. Ser. B 269, 655-663.

Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.M., Hoopes, M.F.,
Holt, R.D., Shurin, J.B., Law, R., Tilman, D., 2010. The metacommunity concept: a
framework for multi-scale community ecology. Ecol. Lett. 7, 601-613.

Levin, S.A., Horn, H.S., 2018. Food Webs in Metacommunities. In: Leibold, M.A., Chase,
J.M. (Eds.), Metacommunity Ecology 59. Princeton University Press, pp. 303-334.

May, R.M., 2001. Stability and Complexity in Model Ecosystems. Princeton University
Press.

Miller, T.E., Travis, J., 1996. The evolutionary role of indirect effects in communities.
Ecology 77, 1329-1335.

Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., Alon, U., 2002. Network
motifs: simple building blocks of complex networks. Science 298, 824-827.

Nowak, M.A., 2006. Five rules for the evolution of cooperation. Science 314, 1560-1563.

Nowak, M.A., May, R.M., 1992. Evolutionary games and spatial chaos. Nature 359, 826.

Nowak, M.A., Tarnita, C.E., Antal, T., 2010a. Evolutionary dynamics in structured

62

Ecological Complexity 37 (2019) 55-62

populations. Philos. Trans. Royal Soc. B 365, 19-30.

Nowak, M.A., Tarnita, C.E., Wilson, E.O., 2010b. The evolution of eusociality. Nature
466, 1057.

Perc, M., Jordan, J.J., Rand, D.G., Wang, Z., Boccaletti, S., Szolnoki, A., 2017. Statistical
physics of human cooperation. Phys. Rep. 687, 1-51.

Perc, M., Szolnoki, A., 2010. Coevolutionary games—a mini review. BioSystems 99,
109-125.

Philosophical Transactions of the Royal Society of London B:,Biological Sciences, Waide,
R., Willig, M., Steiner, C., Mittelbach, G., Gough, L., Dodson, S., Juday, G., Parmenter,
R., 1999. The relationship between productivity and species richness. Annu. Rev.
Ecol. Syst. 30, 257-300.

Post, D.M., Palkovacs, E.P., 2009. Eco-evolutionary feedbacks in community and eco-
system ecology: interactions between the ecological theatre and the evolutionary
play. Philos. Trans. Royal Soc. B 364, 1629-1640.

R Development Core Team, 2010. R: a language and environment for statistical com-
puting. ISBN 3-900051-07-0. http://www.R-project.org/.

Rand, D.G., Nowak, M.A., Fowler, J.H., Christakis, N.A., 2014. Static network structure
can stabilize human cooperation. Proc. Natl. Acad. Sci. USA 111, 17093-17098.
Santos, F.C., Pacheco, J.M., 2005. Scale-free networks provide a unifying framework for

the emergence of cooperation. Phys. Rev. Lett. 95, 098104.

Smith, J.M., 1964. Group selection and kin selection. Nature 201, 1145.

Soetaert, K., Petzoldt, T., Setzer, R.W., 2010. Solving differential equations in R: package
deSolve. J. Stat. Softw. 33, 25.

Szabé, G., Fath, G., 2007. Evolutionary games on graphs. Phys. Rep. 446, 97-216.

Szolnoki, A., Perc, M., 2009a. Emergence of multilevel selection in the prisoner's dilemma
game on coevolving random networks. New J. Phys. 11, 093033.

Szolnoki, A., Perc, M., 2009b. Resolving social dilemmas on evolving random networks.
EPL (Europhysics Letters) 86, 30007.

Tarnita, C.E., Antal, T., Ohtsuki, H., Nowak, M.A., 2009. Evolutionary dynamics in set
structured populations. Proc. Natl. Acad. Sci. USA 106, 8601-8604.

Tarnita, C.E., Wage, N., Nowak, M.A., 2011. Multiple strategies in structured populations.
Proc. Natl. Acad. Sci. USA 108, 2334-2337.

Traulsen, A., Nowak, M.A., 2006. Evolution of cooperation by multilevel selection. Proc.
Natl. Acad. Sci. USA 103, 10952-10955.

Trivers, R.L., 1971. The evolution of reciprocal altruism. Q. Rev. Biol. 46, 35-57.

Vazquez, D.P., Melian, C.J., Williams, N.M., Bliithgen, N., Krasnov, B.R., Poulin, R., 2007.
Species abundance and asymmetric interaction strength in ecological networks. Oikos
116, 1120-1127.

Wang, R.W., Dunn, D.W., Luo, J., He, J.Z., Shi, L., 2015a. The importance of spatial
heterogeneity and self-restraint on mutualism stability—a quantitative review. Sci.
Rep 5, 14826.

Wang, Z., Wang, L., Szolnoki, A., Perc, M., 2015b. Evolutionary games on multilayer
networks: a colloquium. Eur. Phys. J. B 88, 124.

Wilson, D.S., 1992. Complex interactions in metacommunities, with implications for
biodiversity and higher levels of selection. Ecology 73, 1984-2000.

Wilson, D.S., Sober, E., 1994. Reintroducing group selection to the human behavioral
sciences. Behav. Brain Sci. 17, 585-608.

Wilson, D.S., Sober, E., 2010. Reintroducing group selection to the human behavioral
sciences. Behav. Brain Sci. 17, 585-608.

Wootton, J.T., Emmerson, M., 2005. Measurement of interaction strength in nature.
Annu. Rev. Ecol. Evol. Syst. 419-444.

Yamamura, N., Higashi, M., Behera, N., Yuichiro, W.J., 2004. Evolution of mutualism
through spatial effects. J. Theor. Biol. 226, 421-428.

Yan, C., Zhang, Z., 2014. Specific non-monotonous interactions increase persistence of
ecological networks. Proc. R. Soc. Lond., Ser. B Biol. Sci. 281, 20132797.

Yan, C., Zhang, Z., 2018. Dome-shaped transition between positive and negative inter-
actions maintains higher persistence and biomass in more complex ecological net-
works. Ecol. Model. 370, 14-21.

Zhang, Z., 2003. Mutualism or cooperation among competitors promotes coexistence and
competitive ability. Ecol. Model. 164, 271-282.

Zhang, Z., Yan, C., Krebs, C.J., Stenseth, N.C., 2015. Ecological non-monotonicity and its
effects on complexity and stability of populations, communities and ecosystems. Ecol.
Model. 312, 374-384.


http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0001
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0002
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0003
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0003
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0004
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0005
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0005
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0006
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0006
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0007
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0007
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0008
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0008
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0009
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0009
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0010
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0010
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0011
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0011
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0012
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0012
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0013
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0013
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0014
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0014
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0014
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0015
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0015
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0016
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0016
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0017
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0017
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0018
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0018
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0019
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0020
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0021
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0021
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0022
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0022
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0023
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0023
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0024
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0024
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0025
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0025
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0025
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0025
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0026
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0026
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0026
http://www.R-project.org/
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0028
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0028
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0029
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0029
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0030
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0031
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0031
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0032
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0033
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0033
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0034
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0034
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0035
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0035
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0036
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0036
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0037
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0037
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0038
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0039
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0039
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0039
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0040
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0040
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0040
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0041
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0041
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0042
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0042
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0043
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0043
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0044
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0044
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0045
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0045
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0046
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0046
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0047
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0047
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0048
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0048
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0048
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0049
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0049
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0050
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0050
http://refhub.elsevier.com/S1476-945X(18)30141-7/sbref0050

	Meta-community selection favours reciprocal cooperation but depresses exploitation between competitors
	Introduction
	Methods
	Dome-shaped interaction
	Construction of a 3-species community
	The interaction mode of a species within a community
	Community and meta-community dynamics models

	Simulation
	Simulation of local community dynamics
	Simulation of meta-community dynamics
	Statistical analysis

	Results
	Local community dynamics
	Meta-community dynamics linking LC and DS communities
	Meta-community dynamics by linking DS communities

	Discussion
	Competing interests
	Authors' contributions
	Funding
	Supplementary materials
	References




