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Introduction

It is a critical issue in ecology to identify mechanisms of biodiversity maintenance. Many theoretical studies have revealed that intransitive competition among species on shared dispersal networks can promote species coexistence,while little attention is paid to the effect of unshared dispersal networks on ecosystem stability. The classic intransitive competition in an ecological community is the rock-paper-scissors game,where species A excludes B, B outcompetes C, and C can displace A.





Methods

Here, we explore the relationships between dispersal network heterogeneity and rock-paper-scissors dynamics by using a cellular automation model with its underlying species abundances and extinction generation.





Results

Only one species remains in the ecosystem eventually when all species utilize the same dispersal network and the extinction of generations of the first species is the lowest on a scale-free network under the same condition. On the contrary, the fluctuation size of ecological dynamics is negatively correlated with dispersal network heterogeneity on unshared networks. Ecosystem stability is a paradox, namely, between shared and unshared networks. Furthermore, the dispersal rates of species also show the opposite result for ecosystem stability on shared vs. unshared networks.





Discussion

Therefore, we represent a potential maintenance mechanism of biodiversity.
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Introduction

Ecologists have long sought to explore ecosystem stability in ecological communities (May, 1972). Evolutionary tournament theory has played an important role in researching the evolution of frequency dependence in community ecology (Parker et al., 1972; Hofbauer and Sigmund, 2003). There are many applications of evolutionary game theory in ecology (Hamilton, 1967; Parker et al., 1972; Maynard Smith and Price, 1973; Axelrod and Hamilton, 1981; Axelrod, 1984). The rock-paper-scissors game (Hofbauer and Sigmund, 1998), in which species A excludes species B, B excludes C, and C excludes A (i.e., the competitive ability of the species cannot be ranked in a hierarchy), is one of the simplest possible games and the most common case of competitive intransitivity (Gilpin, 1975; May and Leonard, 1975; José and Stefano, 2011). Intransitivity has been applied broadly in ecology (Huisman and Weissing, 1999; Huisman et al., 2001; Kerr et al., 2002; Laird and Schamp, 2006; Reichenbach et al., 2007; Laird and Schamp, 2008, Laird and Schamp, 2009; José and Stefano, 2011), as it facilitates species coexistence through rock-paper-scissors dynamics and promotes the coexistence of many more species with limited resources.

In nature, there are many examples of intransitive competition (Kerr et al., 2002; Laird and Schamp, 2006; Reichenbach et al., 2007; Menezes et al., 2022). For instance, there are three species in an ecosystem: lions, cheetahs, and leopards. Each of these predators has its own unique set of capabilities and hunting strategies. Lions can exclude cheetahs by overpowering them during group hunts. Cheetahs, in turn, can exclude leopards due to their unmatched speed, making it difficult for leopards to catch them. However, leopards can exclude lions by utilizing their climbing skills to access tree-dwelling prey that lions cannot easily reach. As a result, an intransitive competitive relationship emerges among these three predator species, where lions dominate cheetahs, cheetahs dominate leopards, and leopards dominate lions in terms of their hunting capabilities in specific situations or environments. This case demonstrates how niche differentiation generates species-specific competitive advantages across distinct ecological axes, establishing stabilized coexistence through intransitive interaction networks that prevent competitive exclusion. Many ecologists, recently, have applied a network approach to ecological issues. Network theory has been used to study persistence in spatial ecology (Cantwell and Forman, 1993; Urban and Keitt, 2001; Dale and Fortin, 2010). In the network, nodes represent available habitat patches, and links connected by these nodes indicate the dispersal pathways of species (Fortuna et al., 2009). Under a network-based spatial framework, the emergent properties of inter-patch connectivity surpass the importance of node-level characteristics in governing ecological processes. There have been many papers that researched coexistence among species by treating space as a network (Bascompte and Solé, 1995; Barthélémy, 2003; Dale and Fortin, 2010). However, due to the lack of a tradeoff between network features and competitiveness, it is still a challenge for theoretical ecologists to explain species coexistence in intransitive ecosystems.

There has been an increasing interest in the ecosystem stability of heterogeneous networks (Schreiber, 2010; Grilli et al., 2015; Gilarranz et al., 2017; Zhang et al., 2020). The majority of existing research studies assume that the dispersal networks are the same for all species (i.e., a shared network; e.g., Holland and Hastings, 2008). They neglect the fact that different species may have different dispersal pathways (Dondina et al., 2018). Furthermore, there are many cases in nature in which various species have distinct dispersal networks, resulting in anisotropic dispersal behaviors and creating different dispersal pathways (Urban and Keitt, 2001; Fortuna et al., 2006; Kininmonth et al., 2010; Bearup et al., 2013; Germain et al., 2019; Zhang et al., 2020). An unshared network means that each species uses a different dispersal network, namely, every species disperses through its own distinct ecological network (Zhang et al., 2020; Li et al., 2021). For instance, there are three separate dispersal networks in an ecosystem with three species. However, only a few articles have focused on the unshared network (Chesson, 2000; Snyder and Chesson, 2003). In a recent article, Calleja-Solanas et al. (2020) showed that stable coexistence can be achieved in a large community when local interaction is considered (Calleja-Solanas et al., 2020). A spatial site can be occupied by only one species and interactions between species are possible only between nodes in a certain ecosystem. The interactions include local and global competition. In that paper, every species has the same network and it only considers regular and random networks. However, unshared networks and more heterogeneous networks, including exponential and scale-free networks, have not been discussed. Moreover, there are various dispersal behaviors between regular, random, exponential, and scale-free networks in nature (Urban and Keitt, 2001; Fortuna et al., 2006; Grilli et al., 2015; Zhang et al., 2020).

In addition, recent research has successfully applied rock-paper-scissors dynamics to metapopulation networks, providing evidence that coexistence outcomes are jointly determined by mutation rates (Kabir and Tanimoto, 2021) and high-order interspecific interaction (Menezes et al., 2022). Furthermore, Huang et al. (2022) comprehensively summarized the research progress in intransitive competition ecosystems, elucidating its impacts on biodiversity and ecosystem processes.

While intransitive competition is recognized as an important mechanism for species maintenance (José and Stefano, 2011; Franz et al., 2024), the role of dispersal network heterogeneity remains underexplored, particularly in networks where species utilize distinct pathways (i.e., unshared networks) (Snyder and Chesson, 2003). Recent studies highlight that the network structure critically modulates species coexistence (Zhang et al., 2020; Franciélli et al., 2023), yet a systematic comparison of shared vs. unshared networks is lacking.

In this paper, we use a simple interaction rule (Calleja-Solanas et al., 2020) to discuss metapopulation dynamics in a dispersal network. Here, we utilize the rule to research how the stability of competitive species is affected in shared and unshared networks by changing network heterogeneity. In particular, we systematically discuss (1) whether and how species can coexist in shared and unshared networks within rock-paper-scissors games; and (2) how species diversity is affected by dispersal rate. Our work indicates that (1) unshared networks stabilize rock-paper-scissors dynamics by reducing species abundance fluctuations, contrasting sharply with shared networks, and (2) provides a possible mechanistic link between network heterogeneity and species extinction risk and (3) a framework to generalize dispersal-competition tradeoffs in rock-paper-scissors ecological systems.





Method




Heterogeneous dispersal networks

In this study, we consider four dispersal network structures. We assume that species can only disperse between linked habitat patches and every individual only inhabits one patch. The habitat patches are designated as network nodes and the dispersal pathways are represented by links within each node (Fortuna et al., 2009).

The network degree distribution is a significant characteristic of a dispersal network. The degree of a node can be represented by the number of other nodes connected to it directly. Here, the mean linking degree of the four typical network structures researched in this paper is equal to make the results comparable.

	A regular network beginning from a lattice with n nodes and k links per node. Every node has the same degree in the network. This network describes a completely isotropic habitat. In this study, all the patches have four links (k=4). It is equivalent to a coupled map lattice where four nearest-neighbor dispersal links are connected (Bascompte and Solé, 1995; Zhang et al., 2020). In this paper, each patch of a regular network nests a new regular network.

	A random network that is rewired at random with probability p. This allows us to tune the ring between regularity (p=0) and disorder (p=1), and so the probability is 0≤p ≤ 1 (Watts and Strogatz, 1998). The number of links connected to each node is variable while the mean linking degree per patch is the same ( =4). The possibility of each node being connected to links satisfies a Poisson distribution (Erdös and Rényi, 1959). Each patch, in a random network, contains an additional random network in this study.

	An exponential network based on the algorithm of random attachment, which generates an exponential linking degree distribution (Barabási and Albert, 1999). The network meets long-distance interactions, but the variability in degree is larger than the random network. It is more heterogeneous in the patch degree, although the mean linking degree is the same (Fortuna et al., 2006). Each patch of the exponential network contains a larger exponential network in this paper.

	A scale-free network that complies with the generic algorithm of preferential attachment by Barabási and Albert (1999), which produces the most heterogeneous network (Kininmonth et al., 2010). In other words, a few nodes have many links while most have few connections. Its degree distribution follows a power-law distribution. In this study, every node in the scale-free network includes a scale-free network.



All the networks, in this research, have the same number of patches and the same number of total links to make the results comparable. Each node has at least one link to another node and all nodes can reach each other through links. Here, all the patches are considered undirected links and one patch can be occupied by only one species. In this case, if patches m1 and m2 are connected, dispersal can occur from m1 to m2 or vice versa.

In this study, a shared network means that all species disperse along the same path and their dispersal processes use the same network. However, unshared networks indicate that each species has its own diffusion network, such that the dispersal pathways of each species are different. For example, three species have three dispersal networks, the heterogeneity of which is the same. In addition, the network size was 16 patches in Figures 1, 2, and 3, with each patch embedding 1024-unit subnetworks. Figure 4, however, used smaller 100-unit subnetworks per patch. Furthermore, we standardized the connectivity by controlling the total number of connections in each network for the four network types with the same network size to ensure comparability. In addition, all the networks (regular, random, exponential, and scale-free) were constructed with identical node counts and mean degree ( =4). For regular networks, nodes were connected to the four nearest nodes, random networks utilized Erdös and Rényi (1959) generation, and exponential and scale-free networks used Barabási and Albert (1999) preferential attachment.
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Figure 1 | The dynamic curve graph and ternary phase diagram show the variations in species abundance for the three species in both shared and unshared networks. This paper uses four typical networks: regular, random, exponential, and scale-free networks. The diffusion rate is 2-10, with a simulation of 1,500 generations and 1,024 simulations per generation. The panels (A–D, I–L) Species abundances in shared networks; (E–H, M–P) Species abundances in unshared networks.
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Figure 2 | In the shared network, the generations are those at which the first species goes extinct; in the unshared networks, the fluctuation size is for the second species. Each scenario was simulated in 100 cases, and a violin plot with a box plot was generated with the 100 results. The green area indicates the probability density distribution of the generation when species extinction first occurs in the shared network. In the unshared networks, the green area represents the probability density distribution of the fluctuation size for species 2. (A) Time to extinction in shared networks; (B) Fluctuations size in unshared networks. The parameter settings are the same as in Figure 1.
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Figure 3 | The impact of the dispersal rate on species coexistence. The x-axis represents the dispersal rate, while the y-axis in (A) represents the generations at which the earliest species extinction occurs, and the y-axis in (B) represents the fluctuation size of the second species. Both the x-axis and y-axis are logarithmic with a base of 2. The obtained results were subjected to quadratic fitting to obtain the fitted curves.
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Figure 4 | Taking the example of 16 patches, with each patch containing a nested network of 100 patches. Shared and unshared networks were simulated for 30 generations, with 100 simulations per generation. (A–D) represent the distribution of the three species in the shared network, with each species represented by a different color. (E–H) represent the distribution of the first species in the unshared networks; (I–L) represent the distribution of the second species; (M–P) represent the distribution of the third species.







Interaction rule

First, the species are assumed to occupy all patches with equal probability. Each species can colonize only one patch, and each patch can be occupied by at most one species (i.e., strict spatial exclusion). To investigate the interplay between heterogeneous networks and ecosystem stability, we implemented a stochastic simulation framework as follows (Calleja-Solanas et al., 2020).

The dispersal probability D, a definite quantitative value, is defined as the probability that an empty patch is colonized by a species from the external network rather than the internal network. It is used to determine whether the species is drawn from the internal network to occupy the patch or from the external network to occupy the patch. At each time step, a randomly selected patch undergoes extinction, resulting in a vacancy. Subsequently, colonization occurs via one of the following two pathways.




External recruitment

If the empty patch is colonized by a species from the external species pool, all the species inhabiting patches linked to the vacant patch (via network connections) form a candidate pool. Two species are randomly drawn from this pool, and their competitive outcomes are determined by the competition matrix H. The stronger competitor (as defined by matrix H) occupies the vacant patch.





Internal recruitment

If colonization originates from the internal network, two species are randomly selected from all the patches directly linked to the vacant patch. Their competitive strengths are evaluated via matrix H, and the dominant species successfully colonizes the patch.

The competition matrix H represents the relative competitive strengths among the three species (Figure 5C), defining the probability that a colonizer of one species displaces a settler of another species from a patch (Tilman, 1994). To describe interspecific competition, we assume that different species cannot coexist in the same suitable habitat site simultaneously. Thus, competition occurs only through the displacement of inferior competitors by superior ones, a process referred to as replacement competition.
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Figure 5 | Diagram of a shared network, unshared networks, intransitive competition, and patch colonization through dispersal. (A) Shared network: all three species utilize the same dispersal pathway networks. (B) Unshared networks: each species possesses its own independent dispersal network. (C) Intransitive competition (e.g., rock-paper-scissors dynamics) among three species, with the competition matrix H indicating the relative competitive strength between species: Sp.1>Sp.2>Sp.3>Sp.1. (D) Colonizing patches via dispersal: species 2 displaces species 1 in its patch through dispersal. Each patch is always occupied by a single species at all times, with the entire system maintaining full occupancy across all patches throughout the simulation. This study utilizes four types of typical networks: regular, random, exponential, and scale-free networks.



Specifically, the competition matrix can also characterize different competitive structures (Li et al., 2020). For example, Figure 5C illustrates intransitive competition among the three species. The degree of competitive intransitivity can be quantified using the relative intransitivity index (RI). When RI=0, the system exhibits hierarchical competition, indicating a strict dominance hierarchy. When RI=1, the system displays intransitive competition. Following Laird and Schamp (2008), RI=  . Where   denotes the variance of the column sums in the competition matrix, while   and   represent the maximum and minimum column sums, respectively.

Intransitive competitive relationships, also known as circular or rock-paper-scissors relationships, occur when multiple entities or individuals compete with each other, but no single entity consistently dominates or wins over the others. Instead, the outcome of the competition depends on the context or specific circumstances. In this paper, we consider three species in an ecosystem: species A, species B, and species C. Species A may outcompete species B, species B may outcompete species C, and species C may outcompete species A. This creates a cycle of competitive relationships where no species has a clear advantage over the others. We use matrix H to indicate the competitive abilities of the three species. Its elements are randomly composed of 0 and 1. At the same time, it must meet the requirements of  ,  ,   and  . Under such circumstances, many intransitive competitions have been formed in the heterogeneous networks.






Simulations

In this study, we conducted numerical simulations using Matlab 2020b. To ensure that, on average, every patch undergoes one simulation process, we chose 1,024 competition events as one generation and performed 1,500 generations of simulations as stated in Figure 1, resulting in a total of 1,024×1,500 simulation runs per network. At the end of each simulation, we recorded the distribution of the species in all the patches and calculated the density of each species.






Results




Temporal evolution

For shared networks, in which all three species interact through the same networks, we found that the three species in four types of networks (regular network, random network, exponential network, and scale-free network) eventually narrowed down to only one species, while the other two species went extinct. The surviving species occupied all the patches in the network, with species abundances of 1. However, upon closer observation, we found the following patterns: in the regular network, the two species went extinct at approximately 1,300 generations; in the random network, the two species went extinct at approximately 1,100 generations; in the exponential network, the two species went extinct at approximately 800 generations; and in the scale-free network, the two species went extinct at approximately 500 generations (see Figures 1A–D). This means that the higher the heterogeneity of the network, the fewer generations it takes for species to go extinct, indicating faster species extinction rates.

For unshared networks, in which each species uses an independent network, two species go extinct at approximately 500 generations in the regular network, leaving only one species. However, the three species can coexist in the random networks, exponential networks, and scale-free networks. Further observation revealed that in random networks, the species abundances curve of the three species fluctuate significantly; in exponential networks, the species abundances curve of the three species fluctuate less; in scale-free networks, the species abundances curve of the three species fluctuate the least (see Figures 1E–H). This means that in a homogeneous network (i.e., a regular network), the three species cannot coexist; in networks with heterogeneity, the three species can coexist, and as the network heterogeneity increases, the fluctuations in the species abundances curve of the three species gradually decrease, indicating a more favorable environment for their coexistence.

Ternary phase diagrams are commonly used to describe interactions and equilibria in material systems, and they find widespread applications in the fields of physics and chemistry. However, the concept of ternary phase diagrams is not commonly used in ecology.

In ecological systems, we use ternary phase diagrams to describe the interactions and equilibria between species. For example, food webs and food chains can be viewed as networks of interactions, where different species are connected through predator-prey relationships and other interactions. This network structure can be used to describe species interactions, such as energy transfer in food chains and species diversity in ecosystems. Furthermore, we can utilize it to study stability and phase transitions in ecological systems. For instance, when a species disappears or a new species is introduced, the entire ecosystem may undergo changes, resulting in a reshuffling of species composition and interactions.

Therefore, although ternary phase diagrams are not directly applied in ecology, we can utilize them to study species interactions, stability, and phase transitions in ecological systems. Herein, we utilize ternary phase diagrams to analyze the species abundance variations of three species in shared and unshared networks. The three sides of the diagram represent the species abundance changes of the three species from 0 to 1. Figures 1I–L represent the ternary phase diagrams of four typical shared networks, corresponding to Figures 1A–D. Figures 1M–P represent the ternary phase diagrams of four typical unshared networks, corresponding to Figures 1E–H.

From the ternary phase diagrams, in shared networks, the interactions between the three species in regular networks exhibit small fluctuations initially, followed by larger fluctuations later, ultimately resulting in the extinction of two species and the survival of only one species. In scale-free networks, the interactions between the three species exhibit large fluctuations from the beginning, leading to the rapid extinction of two species.

However, in unshared networks, only in the case of regular networks do the interactions between the three species exhibit significant fluctuations, resulting in the extinction of two species. In the other three types of networks, the three species coexist stably with a circular ternary phase diagram. Among them, the circular shape is largest in the random networks and smallest in the scale-free networks.





Stability and fluctuation> size

To demonstrate the robustness of the results in Figure 1, we generated 100 different networks for each type of network, but with the same rules. Taking the random network as an example, we first used the random network to generate a random network consisting of 16 patches, and then nested a random network consisting of 1,024 patches within each patch. We repeated this process to generate 100 such networks. For each type of network, we repeated the experiment 100 times. If two species went extinct, we recorded the generations at which the extinction occurred. If the three species were able to coexist, we calculated the standard deviation (std) and mean of their species abundances, then subsequently computed the fluctuation size (std./mean) based on these values.

For shared networks, we recorded the generations at which the earliest extinction occurred for the four different types of networks. We repeated each typical network 100 times and plotted violin plots with box plots. From Figure 2A, it can be observed that the regular network requires the highest number of generations for extinction to occur, followed by the random network and exponential network. The scale-free network requires the lowest number of generations for extinction to occur. In other words, as the heterogeneity of the network increases, the number of generations required for species extinction decreases, which is less favorable for species coexistence.

For unshared networks, species go extinct and only one species survives in the regular network, while in the random network, exponential network, and scale-free network, the three species can stably coexist. Therefore, the regular network is relatively more unfavorable for species coexistence compared to the other three networks. Thus, in this study investigating the impact of unshared networks on species stability, we recorded the generations at which the first species went extinct in the regular network, and recorded the fluctuation size for the three species in the random, exponential, and scale-free networks. In Figure 2B, we plotted violin plots with box plots using the fluctuation size of the second species. From the figures, it can be observed that the random network has the largest fluctuation size, followed by the exponential network, while the scale-free network has the smallest fluctuation size. That means that as the heterogeneity of the network increases, the fluctuation size decreases and the stability of species coexistence improves.





Effect of the dispersal rates

In order to better understand the impact of dispersal rates on species coexistence, we explored the variations in species coexistence under different dispersal rates within the same network. Taking a regular shared network as an example, we generated a regular network with 16 patches, and within each patch, nested another regular network with 1,024 patches. Subsequently, we simulated all dispersal rates within this shared regular network to observe the changes in species coexistence among the three species. The purpose of this approach was to ensure that only the dispersal rate varied as a single factor, leading to changes in the coexistence of the three species.

In the shared networks, we varied the dispersal rate from 2–13 to 2–8 and recorded the generations at which the earliest species extinction arose in the regular, random, exponential, and scale-free network. The x-axis represents the logarithm of the dispersal rates using a base of 2, while the y-axis represents the logarithm of the generations using a base of 2. We performed a quadratic fit to all data points and obtained the results shown in Figure 3A.

As shown in Figure 3A, as the dispersal rate increases, the number of generations required for species extinction also increases for the same type of network. Specifically, there is a significant change in the number of generations when the dispersal rate is larger than 2-10. When the dispersal rate is less than 2-10, increasing the dispersal rate only slightly affects the number of generations required for extinction. However, when the dispersal rate exceeds 2-10, further increases in the dispersal rate significantly increase the number of generations needed for extinction. This is also why we chose the dispersal rate of 2–10 in Figures 1, 2. This suggests that in the shared network, higher dispersal rates promote coexistence by requiring more generations for species extinction.

At the same dispersal rate, the regular network exhibits the highest number of generations when extinction appears, followed by the random and exponential networks, while the scale-free network requires the fewest generations. Moreover, the curves fitted to these four types of networks in Figure 3A are nearly parallel. This finding confirms the results from Figures 1, 2, indicating that higher network heterogeneity leads to a decrease in the number of generations before extinction and is less favorable for species coexistence. The dispersal rates in Figure 3A only range up to 2-8, because, beyond this range, species do not go extinct but rather persist, also indicating that higher dispersal rates favor species coexistence.

In the unshared networks, we recorded the generations at which extinction first emerged in the regular network, and also recorded the species abundances of the three species in the random, exponential, and scale-free networks. We calculated their standard deviation and mean to determine the fluctuation size. Figure 3B illustrates the fluctuation size in the random, exponential, and scale-free networks, and it presents the relationship between fluctuation size and the dispersal rate for these three types of networks. The x-axis and y-axis in Figure 3B are logarithmic, and the fitted quadratic curves represent the second species’ fluctuation size.

As shown in Figure 3B, when the dispersal rate increases, the magnitude of oscillations also increases, suggesting a greater disadvantage for species coexistence. At the same dispersal rate, the random network exhibits the largest magnitude of oscillations, followed by the exponential network, while the scale-free network has the smallest magnitude of oscillations. This implies that higher network heterogeneity causes a smaller magnitude of oscillations within species and is more beneficial for species coexistence.






Discussion

Over the years, ecologists have been striving to explain the significant robustness exhibited in real ecological systems, including niche models, neutral models, and higher-order interactions (Moffett et al., 2007; Ryan et al., 2010; Grilli et al., 2017). Here, we used the minimal model of competitive ecosystems to demonstrate the impact of network heterogeneity on species coexistence and robustness in rock-paper-scissors games, both in shared and unshared networks.

Our results demonstrate that dispersal network heterogeneity has different effects on species coexistence in shared and unshared networks. In shared networks, as network heterogeneity increases, the speed of species extinction accelerates, making coexistence more unfavorable. However, in unshared networks, species can stably coexist without experiencing extinction events in the presence of heterogeneous networks. Furthermore, with increasing network heterogeneity, the fluctuation size in species abundances becomes smaller, promoting species coexistence. The impact of network heterogeneity on species coexistence is thus diametrically opposed in shared and unshared networks. Therefore, understanding how species interact in shared and unshared networks to influence coexistence is highly meaningful.

The quantities of the three species in Figure 4A (regular network) are roughly equal (represented by three different colors). In Figure 4B (random network), the quantity of the species represented by blue increases, while the quantity of the species represented by red decreases. In Figure 4C (exponential network), the quantity of the species represented by red further decreases, while the quantity of the species represented by blue continues to increase. Meanwhile, the quantity of the species represented by green also decreases. However, there is a rapid increase in the quantity of the species represented by blue in Figure 4D (scale-free network), the red species are close to extinction with only three individuals, and the quantity of the green species also decreases.

From Figure 4A–D, it can be observed that in shared networks, as network heterogeneity increases, the quantity of the species represented by blue gradually increases, while the quantities of the species represented by red and green gradually decrease. Further analysis reveals that with increasing simulation time, the species represented by red goes extinct first, followed by the extinction of the species represented by green. Eventually, the entire network is dominated by the species represented by blue, excluding the other two species. Additionally, the red species goes extinct first in Figure 4D. However, in Figure 4A, the extinction of the red species occurs last. This implies that as network heterogeneity increases, the speed of species extinction accelerates, and the required time for extinction decreases.

Very few nodes in a scale-free network have a significantly higher number of connections, represented by W. Although each node has an equal probability of being chosen, the probability of selecting a node connected to W is higher. During interactions, the species in W have a higher probability of occupying the selected nodes, leading to a faster exclusion of the other two species. However, each node in a regular network has four connections with an equal probability of being chosen. Each node’s species has an equal probability of occupying the node during interactions. Therefore, the speed at which one species excludes the other two is slower and requires more time.

Figures 4E–H represent the quantities of species 1 in a regular network, a random network, an exponential network, and a scale-free network, respectively. Figures 4I–P represent the quantities of species 2 and species 3 in the four types of networks, respectively. In contrast to the changing quantities of the three species in shared networks, the quantities of the three species in the scale-free network are roughly equal for the unshared network. However, in the regular network, there are only two individuals left for species 3, indicating that it is on the verge of extinction. The quantity of species 2, represented by green, is also very low. However, the quantity of species 1, represented by blue, is significantly large. Therefore, the scale-free network is more conducive to species coexistence compared to the regular network. This suggests that greater network heterogeneity favors species coexistence.

In an unshared network, although the scale-free network exhibits the highest network heterogeneity with very few nodes having the most connections, and while interaction complexity among species is low, each species has its own separate network diffusion path. Thus, each time a species occupies a node, the probability of selecting a different species increases, allowing for stable coexistence among species by localizing competitive exclusion. This has been demonstrated in previous research (Zhang et al., 2020). Conversely, in a regular network characterized by each node having precisely four connections, the likelihood of selecting the same species is markedly elevated during each interaction event. This leads to the exclusion of the other two species, resulting in species extinction and leaving only one species remaining. Moreover, as network heterogeneity increases, the differences in the number of connections between nodes also increase. This, in turn, increases the probability of selecting different species when occupying nodes. Consequently, the fluctuation size in species abundance decreases, which is more favorable for species coexistence.

In conclusion, even if this study only explores a certain type of spatial interaction among three species in rock-paper-scissors tournaments, our findings contribute to a better understanding of the role of space in maintaining species coexistence in the natural world. Additionally, our framework assumes intransitive competition rules and symmetrical dispersal rates. While this simplifies mechanistic insights, real-world systems may exhibit asymmetrical interactions or transitive species competition. Future work should test whether our findings hold in non-rock-paper-scissors tournament types and ecological systems with more than three species. Moreover, in the future, we could investigate how network heterogeneity mediates species coexistence in food webs via integrating multiple environment drivers.
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