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Abstract:  Habitat fragmentation poses a significant threat to biodiversity, making the understanding of
metapopulation dynamics crucial for conservation strategies. We developed a lattice-linked model to investigate
predator-prey dynamics in a three-patch system, focusing on how migration patterns and network connectivity
affect species survival. Unlike conventional models that assume density-driven migration, our approach employs
random "swapping migration" where individuals exchange positions with empty sites across patches connected by
different network topologies: complete graph (Network A), edge-hub configuration (Network B), and central-hub
configuration (Network C). Our agent-based simulations reveal that migration fundamentally alters population
dynamics compared to isolated patches. In the absence of migration, environmental improvements in one patch
lead to local predator extinction, while migration enables both predator and prey populations to persist by
redistributing individuals across the network. Notably, hub patches consistently maintain the highest prey densities
due to aggregation effects, with the hub serving as either a population refuge or a vulnerability point depending
on whether it experiences environmental perturbation. Counter-intuitively, increasing connectivity does not always
benefit conservation outcomes. While migration extends the viable parameter space for species survival, additional
corridors can reduce population densities in non-hub patches by preventing predator aggregation at hubs. Our
findings challenge the conventional assumption that enhanced connectivity universally improves conservation
effectiveness, suggesting that corridor construction should carefully consider network topology and hub effects.
This work provides new insights for designing optimal habitat networks in fragmented landscapes.
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1. INTRODUCTION

In recent years, many species have faced the risk of extinction due to environmental destruction caused by human
activities. In particular, habitat fragmentation from destruction has become a critical factor undermining species
survival (Haddad et al., 2015; Wilson et al. 2016), leading to a significant loss of biodiversity. As a countermeasure,
habitat conservation and management are regarded as key strategies for preventing species extinction.

Habitats are often spatially heterogeneous and composed of small, discrete regions known as patches, where
organisms live by migrating between them. To model population dynamics in such environments, ecologists have
developed the metapopulation model, which has been widely used in many studies (Levin, 1974; Hanski and
Gilpin, 1997). However, in these conventional models, patches are assumed to be homogeneous, and spatial
structures and capacity limitations between patches are often not considered. In reality, habitat patches have finite
spatial capacity, and individual migration is subject to excluded volume effects. To incorporate these realistic
constraints, we have developed and analysed lattice-link models in which patches are represented as lattices,
allowing explicit treatment of spatial limitations (Nakagiri et al., 2019; 2024).

In many traditional models, it is commonly assumed that individuals actively migrate from high-density patches
to low-density ones. However, in this study, we employ a random migration model, in which individuals randomly
select corridors to move between patches (Masuda et al., 2017; Nagatani et al., 2018; Yokoi et al., 2020a, 2020b).
As a result, density imbalances persist, and individuals remain unevenly distributed across patches. This often
leads to the formation of core patches with disproportionately high population densities (Nagatani et al., 2018).

The effects of patch connectivity on species persistence and extinction have been studied using graph-theoretic
approaches. In such models, patches are treated as nodes and corridors as links to analyse landscape connectivity
and conservation outcomes (Minor & Urban, 2008). However, even when a core patch is preserved, high
connectivity can increase vulnerability to disturbances such as wildfires and floods, which may spread to adjacent
patches. Conservation efforts can thus have unintended negative effects. For example, Nakagiri et al. (2024)
showed that in a single-species system, increasing connectivity reduced population density, challenging the
assumption that enhanced connectivity always improves conservation outcomes. This counterintuitive result
highlights the need to reassess conventional strategies. Building on one-species system findings, this study
introduces a predator-prey model with asymmetric reproductive rates and stochastic migration, advancing the
lattice-link framework developed for two-patch systems (Nakagiri et al., 2019) and three-patch configurations
(Nakagiri et al., 2024). Unlike earlier single-species approaches, the model incorporates interspecific interactions
and reveals emergent dynamics such as rescue effects and inverse hub impacts not captured in prior studies.

To better understand such complex interactions, this study focuses on a two-species predator-prey system (Tainaka
and Fukazawa, 1992; Tainaka 1994) in which individuals move among three habitat patches. Using an agent-based
model (Nakagiri et al., 2001; 2005; 2010; Nakagiri and Tainaka, 2004; Perc, 2011; Szab6 and Fath, 2007; Tainaka,
1988), we simulate how increasing the reproduction rate in a specific patch, interpreted as a proxy for
environmental improvement, affects predator and prey populations across all patches. In particular, we aim to
clarify how migration patterns and patch connectivity structures influence the dynamics of population persistence
and extinction. The metapopulation framework, originally proposed in ecology (Levin, 1974; Hanski and Gilpin,
1997), has recently been extended to a variety of fields, including epidemiology (Nagatani et al., 2019) and human
behavioural modelling (Kabir and Tanimoto, 2019). In these network-based approaches, habitat patches are
interpreted as nodes and the migration corridors between them as links (Seno, 1998; Nagatani et al., 2018),
providing a powerful tool for analysing species dynamics and conservation strategies in complex landscapes.

To address these issues, we employ a lattice-link model in which each patch is represented as a two-dimensional
lattice, capturing local interactions and spatial limitations. Moreover, individuals migrate stochastically among
patches via corridors defined by a graph structure. Unlike directed or density-driven migration, this random
migration scheme leads to persistent heterogeneity among patches, often forming core patches with high local
density. Before analyzing multi-patch dynamics, we first (a) (b)

describe the one-patch model which corresponds to a spatial n
predator-prey system without migration (Tainaka, 1994). In this
model, as shown in Figure 1(a), the system consists of a single
patch, where individuals are fixed on a lattice and interact
locally in a stochastic manner. Consider prey and predators on a
lattice. The system evolves through three types of local
interactions:

(1) Predation: when a predator encounters a prey in a neighboring
cell, the prey is replaced by a new predator at a rate p.

(i1) Reproduction: when a prey encounters an empty neighboring
cell, it produces a new prey at a rate r.

Figure 1. Schematic diagram of the patch
(lattice) environment: (a) Single-patch
model. (b) Three-patch model without
migration. Lattices are labeled 0-2, lattice 0
having modified reproduction rate. No
migration occurs between lattices. Green
indicates the perturbed lattice (lattice 0),
yellow represents unperturbed lattices.
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(iii) Death: prey and predators die spontaneously at rates d, and d,,, respectively, leaving empty cells behind.
This model exhibits characteristic spatial structures, with prey forming clusters and predators distributed more
uniformly. In a single-lattice system, Tainaka (1994) demonstrated that such clustering can lead to catastrophic
transitions: small parameter changes, such as in reproduction or mortality rates, can trigger sudden prey outbreaks
or predator extinctions. These phenomena arise from changes in spatial patterns and cannot be captured by mean-
field approximations. This corresponds to patch 0 dynamics. As illustrated in Fig. 1(b), in the no-migration case,
varying the reproduction rate of patch 0 does not affect the qualitative outcome; the same behaviour is observed.
2. LATTICE-LINK MODEL (2) Network A
We consider a predator-prey system as a model ecosystem;
two species live on three lattices. Each lattice is composed
of discrete sites, where each site can be either empty (O),
occupied by prey (X), or occupied by a predator (Y).
Interactions occur that locally within each lattice are given

as follows: (b) Network B (c) Network C
Y+x3v+y (rate: p), (1a)
X+03X+X (rate: ry), (1b)
x%0.v%o0 (rate: dy, dy). (Ic)

Reactions (la)—(1c) denote predation, reproduction and
death processes, respectively. Parameters p, r;, dx and d,
represent the predation rate, the reproduction rate of prey in
lattice i, and the death rates of prey and predator,  Figure 2. Schematic diagram of the migration
respectively. Figure 2 illustrates migration types considered ~ process. (a) Network A: complete graph. (b)
here. Figure 2(a) shows a complete graph; Figures2(b)and  Network B: incomplete graph with variable edge
2(c) depict incomplete graphs, with the perturbed lattice at  lattices. (c) Network C: incomplete graph with
the edge in Figure 2(b) and at the hub in Figure 2(c). We  variable hub lattices. Green indicates the
use the “swapping migration” method proposed by Yokoi  perturbed lattice (lattice 0), yellow represents
et al. (2019), in which migration is defined as the exchange =~ unperturbed lattices. Black lines denote possible
between an occupied site (X or Y) and an empty site (O): swapping moves between lattices. If a swap

k+0 n O+k (k=XorY) (rate.m), (1d) requires an empty cell in lattice 2 and none are
where reaction (1d) denotes the migration process. The  2vailable, the agent in lattice 1 cannot move.
parameter m represents the migration rate. Periodic boundary conditions were uniformly imposed on each lattice
structure used in the simulations, and the simulations were performed as described below:
i) Birth process. A single site is randomly selected from the three lattices. If the selected site in lattice i is occupied
by prey (X), one of its four neighbouring sites within the same lattice is randomly chosen. If this neighbouring site
is empty (O), it becomes X with rate ;.
ii) Death process. A single site is randomly selected from the three lattices. If the selected site in lattice i is occupied

by prey (X) or predator (Y), it becomes empty(O) with rate d,; or d,,,, respectively.

iii) Migration process. A single site (i, j) is randomly selected from one of the three lattices (lattice «). If the
selected site is occupied by prey (X), then a site (g, /) is randomly selected from another patch f # «. If the
site (g, /) in patch 8 is empty (O), then X migrates at rate m, and the states of two sites (X and O) are exchanged.

3. RESULTS

Figure 3 shows typical population dynamics, where the densities of prey (blue) and predators (red) are plotted. Let
Xo, X1, X2 denote the prey densities on patches 0, 1, and 2, respectively. At time =0, the parameter 7y is abruptly
increased from 0.5 to 1.0 as an external perturbation. Before the perturbation (#<0), the system remains in an
equilibrium (stationary state), defined as a state in which all densities fluctuate only slightly around constant values.
In the no-migration case (m=0; Fig. 2(a)), the dynamics are similar to those in the one-patch model: in perturbed
patch 0, the predator density (Y) decreases while the prey density (X) increases, and the populations in patches 1
and 2 remain unchanged (Fig. 3(a)). For m # 0, the results are shown in Figs. 3(b)-3(d). Immediately after the
perturbation, the predator density in all lattices increases sharply, but later declines to a new equilibrium. In
contrast, the prey density in lattice 0 increases, whereas the prey densities in lattices 1 and 2 decrease in the new
equilibrium. Thus, despite the increase in 7;, the prey densities in lattices 1 and 2 decrease in the new equilibrium.
This behaviour can be explained as follows: the perturbation initially increases prey density, which enhances
predation and leads to the new equilibrium distribution observed in Fig. 3. A notable difference is that, regardless
of migration, the increase in 7; causes the predator density y to increase; however, in the no migration (m=0), xo
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decreases, whereas in the presence of migration (m=1), X0 (a) No migration

increases in each network type (A, B, and C). 03 | - |
The spatial pattern formations are examined in Fig.4, which s [ e ‘
shows the stationary-state distributions: (a) no migration (m=0); 02

(b)—(d) migration (m=1) in Networks A, B, and C, respectively. In % o1s

the no-migration case (Fig. 4(a)), agents aggregate and form & | w0 en n

clusters. In contrast, agents randomly disperse for m=1 (Fig. 4(b— e | T

d)). Migration enables agents to access empty sites (O) and prey S

(X), which are essential for the reproduction (Eq.(2b)) and 00 a0 o w  m w0 s
predation (Eq. (2a)) processes. Timet

Figure 5 shows the stationary-state densities in the lattice-link (b) N(EBN ork A

model as functions of the reproduction rate ry of lattice 0. Fig. 5 01 A

(a) corresponds to the no-migration case (m=0), whereas Figs. 012 (on MRS

5(b)—(d) show the results with migration (m=1). In the absence of g \
migration (Fig. 5(a)), extinction occurs. In contrast, as seen in zrL NPNY/ et Bhas addn At s
Figs. 5(b)—(d), migration prevents extinction and expands the © Z: N o
survival region. 002 o0 v w2

In Fig. 5(b)—(d), as the reproduction rate ry of prey (X) in patch 0 v w0 0w m w0  m
increases, the densities of both predators (Y) and prey (X) in lattice (c) Network B Tmet

0 increase, while the prey densities in lattices 1 and 2 decrease. 018

Furthermore, in Fig. 5(c), the prey density is highest in lattice 1, 016

whereas in Fig. 5(d), it is highest in lattice 0, indicating that the - ‘ |

prey density peaks in the hub patch. In addition, under edge-side 8 o J.v’«:’f:' e -
environmental changes, the predator and prey densities in patch 1 § oo | \ = ‘
are the highest. Moreover, from the complete network graph, N e o e
reducing the links between patches 1 and 2 increases the predator 002 [ o0 evi v
density in the hub (lattice 0), whereas increasing these links e
decreases the prey density in some patches. Tirme ¢

(d) Network C

4. DISCUSSION e
Conventional theory emphasizes corridor-based migration toward Zi:

low-density patches (Hanski and Gilpin, 1997). In contrast, we
adopt a lattice-centric model in which individuals move randomly.

Densities
o o

o o ©
8 8 =

Extending previous lattice-link frameworks, our three-patch 008 o0 ex1 ox
predator—prey system incorporates interspecific interactions and 00z ov0 ovi v2
spatial perturbations, revealing complex spatiotemporal dynamics ‘w0 a0 o w0 om0 wo w0 s
beyond earlier single-species models. Unlike our previous prey- Time ¢

only migration models (Nakagiri et al., 2019; 2024), this extension Figure 3. Population dynamics for lattice-link
enables examination of interspecific responses to stochastic model with initial condition ry= r;= r>=.0.5.
movement and spatial heterogeneity. Individuals randomly select At time =0, ry is abruptly increased to 1.0.
corridors to determine destinations (Masuda et al., 2017; Nagatani panels (a)- (d) show no migration, network A,
et al., 2018; Yokoi et al., 2020a; Tainaka et al., 2021). Using this B and C, respectively. All simulations use
mechanism, we simulated sudden environmental improvements 100x100 lattice. Let X0, X1, X2 denote the prey
and spatially uneven perturbations to examine interspecific jopsities on patches 0, 1, and 2, respectively.
responses under stochastic movement, where random transitions

are considered advantageous.

If migration does not occur, prey tend to form spatial clusters (Figure 4(a)). However, because predators remain
in lattice 0, predation pressure gradually reduces the prey density xy over time. In contrast, when migration is
allowed, predators migrate from lattice 0—where prey density has increased—to other lattices. As a result,
predator density y, in lattice 0 increases. However, since predation pressure is not excessively high, predation
remains limited, and the prey density actually increases. In this way, both predator and prey densities in lattice 0
increase. On the other hand, predators that migrate to other lattices can prey more efficiently, leading to reductions
in the prey densities x; and x,. Moreover, migration inhibits the formation of spatial prey clusters (Figures 4(b)—
(d)), which likely lowers local density and thereby reduces the protective effect against predation.

We discuss the effect of the hub in three-patch networks. In Fig. 5(c), prey density of lattice 1 is highest; in Fig.
5(d), prey density of lattice 0 is highest. This indicates that the density of the lattice with the hub structure is the
highest. This can be considered as follows: due to the hub effect, individuals tend to gather at hubs (Nakagiri et
al., 2024). Therefore, the hub lattice has higher prey density than other patches. In Fig. 5(c), patch 1 is the hub,
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whereas in Fig. 5(d), patch 0 is the hub containing both prey and predators. This aggregation often makes the hub
a focal point influencing population dynamics and spatial distribution. When the hub is not the target of
perturbation (Network B), it can serve as a refuge that buffers against environmental stress, resulting in increased
local densities in the hub lattice. Conversely, if the hub experiences perturbation, its central role can cause rapid
population declines. Therefore, the high prey density in the hub lattice (Fig. 5(c) and 5(d)) reflects this network-
driven aggregation and its ecological implications. The issue of corridor construction in conservation biology has
been discussed by Nakagiri et al. (2024), who demonstrated that in a single-species system, Network C is optimal
for the survival of a single species under favourable environmental conditions. However, if Network C is converted
into Network A by constructing an additional corridor, the effectiveness of conservation measures is reduced. In
our two-species model, it is difficult to determine a universally optimal network for the survival of each species.

(a) No migration _Lattice 0 Lattice 1 Lattice 2

(b) Network A

(c) Network B

(d) Network C

AL SRR e o T . W,
Figure 4. Typical stationary-state spatial patte predators (Y),
and empty sites (O) are indicated in blue, red, and white. (a) No migration (m=0); (b) Network A (m=1); (c)
Network B (m=1); (d) Network C (m=1).
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Figure 5. The steady-state densities of prey of lattice 0 (xy), 1 (x;) and 2 (x;) and predator of lattice 0 (), 1 (1)
and 2(y,) are plotted against ro. When reproduction rate of lattice 0 (ry) increases, the survival parameter region
is extended. (a) m=0, (b) m=1.0, network A, (¢) m=1.0, network B, (d) m=1.0, network C. Let xy, x;, x> denote
the prey densities on patches 0, 1, and 2, respectively. Each data point shows mean steady state density, from
100 simulations per reproduction rate »y and network type, averaged over final 1000 time steps.

Nevertheless, our results show that adding corridors (links) to increase connectivity raises prey density on hub
patches but reduces it on non-hub patches. This counterintuitive outcome arises because additional corridors
prevent predators from aggregating at the hub, thereby diminishing the hub effect. Thus, corridor construction
does not necessarily lead to beneficial outcomes, and connectivity should be increased with caution, taking into
account the role of hub patches in the network.

S. CONCLUSION

Migration has been widely observed in nature (Alerstam et al., 2003; Shaw, 2016). In this study, we used a lattice-
link model to analyse the effects of spatial structure on a predator-prey system. We employed the “swapping
migration” method, in which migration is defined as the exchange between an occupied cell (X or Y) and an empty
cell (O). Such swapping movements are also observed in other transport phenomena (Nakagiri et al., 2019). For
example, vehicle movement in traffic flow (Gupta et al., 2013) can be described similarly, where vehicles move
by exchanging positions with empty cells. Similarly, random walks of individuals in ecosystems follow this pattern
(Berg, 1993; Sato et al., 2015), with individuals moving randomly but only into empty sites.

Our analysis revealed that, under both non-migratory (m=0) and migratory (m=1) conditions, increasing the
reproduction rate in lattice O decreased the prey populations in lattices 1 and 2. This suggests that environmental
improvements in one patch may negatively affect other patches. Conversely, predator and prey populations in
lattice O tended to increase. Furthermore, extinction was observed in the absence of migration, but not in its
presence. Therefore, migration appears to extend the viable parameter space for species survival. However, how
these findings translate to real ecosystems remains to be fully elucidated.

This study extends previous single-species models into predator-prey systems and embeds them in a spatially
structured lattice-link framework. This approach includes interspecific interactions, patch-specific reproduction,
and stochastic migration, revealing novel dynamics such as rescue effects and hub impacts. These findings
underscore the importance of considering species interactions and spatial heterogeneity in conservation planning.
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