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ABSTRACT 

In terms of integrating the survival of the species in discontinuous landscapes, where habitat 

degradation and fragmentation are significant dangers to biodiversity. metapopulation 

conservation models provide a holistic framework. The populations in these models are 
modeled as networks of discrete patches of habitats connected through the process of 
dispersal. This emphasizes the importance of colonization-extinction processes in defining 

the survival of the populations in the long term. When having habitat fragmentation, patch 
size, spatial arrangement, and connectedness significantly impact the stability of the 
metapopulation. Isolated and small patches have a higher probability of extinction. Recent 

developments in modeling have made it possible to make more precise predictions of 
anthropogenic-driven population dynamics. These innovations have been facilitated through 
the inclusion of stochasticity, species-species dispersion capacities and environmental 

variability. Simulation-based studies have demonstrated that maintenance of the 
interconnectedness of habitats and priority in ensuring that keystone patches are maintained 
can greatly diminish extinction. Moreover, the integration of metapopulation models into the 

landscape planning facilitates the process of determining important corridors and 
preservation strategies that will most likely ensure that species can survive over a long term. 
The present research can be applied in the evidenced-based conservation and management 

approaches that can help to preserve biodiversity in the ecosystems that are increasingly 
regulated by humans. It does integrate the known methods, uses and constraints of the 
metapopulation models in fractured habitats. 

 

ARTICLE HISTORY 

Received November 14, 2025 

Accepted December 15, 2025 

 

KEYWORDS 

Metapopulation Conservation 

Models (MCM),  

Habitat Fragmentation 

Scenarios (HFS) 

 

1. Introduction 

Life on this world depends on a vast number of plants, animals, and microbes that occupy diverse surroundings. 

However, these ecosystems are not necessarily huge and continuous, but consist of many smaller places that vary in size, 

shape, resources, and circumstances. They actually coexist in groups in different sectors of environments. These groupings 

have numerous associations, like migration of individuals between patches (Gutiérrez‐Arellano et al., 2024). This movement 

is the foundation of the way by which most species can exist in nature, and particularly in topography, which inherently 

comprises hills, woodlands, rivers, or broad grasslands that provide separate habitats. human activities like farming, road 

construction, industrialization, urbanization and chopping down forests have split huge natural areas into small and solitary 

patches known as habitat fragmentation (Hovel, 2025). Fragmentation reduces the quantity of available habitat while also 

influencing how these habitats are positioned and connected. In most cases, this leads towards longer distances between 

patches of habitat, smaller patches, and an increased risk of local extinction. Highways, towns, or farms now separate the 

species that formerly moved freely over the landscape. This makes it significantly more difficult to maintain healthy and 

stable populations (Wu et al., 2025). Due to these challenges, ecologists and conservation biologists concluded that 

traditional methods of animal preservation, such as protecting a specific area of habitat, could be insufficient. One possibility 

is that current conservation must understand the dynamics of the population, which includes many patches (Tao et al., 

2024). A global threat to biodiversity, which is one of the most pressing, is habitat fragmentation. Human activities such as 

the growth of urban settlements, agriculture, deforestation, and infrastructural development are the major causes of it. The 

continuous habitats are broken down into smaller, isolated units, and as a result, the biological processes that maintain the 

species populations are interrupted, and this causes an increased risk of extinction, altered species interactions and reduced 

ecosystem resilience. Fragmentation not only reduces the total habitat space but also isolates populations, thereby limiting 

dispersal and gene flow, which are essential in maintaining genetic diversity and adaptation capacity. In this context, having 
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knowledge of the dynamics of species populations of fragmented landscapes is crucial in achieving effective conservation 

plans and management. The metapopulation theory provides an analytical and conceptual tool that could be used to examine 

the process of populations in fragmented habitats. A metapopulation was coined in 1969 by Levins as a combination of 

physically independent groups of the same species that interact in a dispersal manner. In contrast to models of single 

populations, which assume that the habitats are continuous, the colonization of open spaces, and the local extinction of 

subpopulations, metapopulation models take into consideration both of these processes in establishing the overall 

population persistence. This viewpoint shifts the conservation emphasis away from within the populations to the larger 

landscape, which emphasizes connectivity in patches and the spatial distribution of habitat remnants. The effect of habitat 

fragmentation is immense on the metapopulation dynamics through changes in patch size, isolation, and quality. It is a 

common characteristic of smaller patches to sustain fewer individuals, making the population more vulnerable to 

demographic and environmental stochasticity, and isolated patches reduce the potential of individuals to recolonize after 

local extinctions. Thus, fragmented landscapes are normally characterized by extinction debt, in which populations decrease 

gradually with time, although no additional habitat degradation takes place. To study these dynamics, it is necessary to 

combine spatial ecology, population biology, and landscape modeling to predict the way species will react to the current 

habitat changes.  

The metapopulation hypothesis provides this information by implying that populations are divided into smaller groups 

in separate habitat patches, resulting in the formation of multiple species. Such small populations may occasionally become 

extinct, but fresh immigrants can recolonize them from diverse places (Dietz et al., 2024). The ratio of regional population 

extinction to blank region resettlement determines the species' long-term viability. Using metapopulation theory, we can 

see that a species is not driven just by the environment inside a single patch, but also by the association of all patches 

within the landscape. The patches must be close enough together, and individuals must be able to travel between them, to 

ensure that a metapopulation can be maintained even if patches are absent or temporarily empty (Peterson et al., 2025). 

However, as fragmentation grows, patches become increasingly difficult to obtain. This discourages movement and limits 

the possibility of recolonization. In the long run, if too many patches are severely isolated, the total metapopulation may 

collapse. Scientists use metapopulation conservation models to identify these patterns and predict future outcomes (Watts 

& Hughes, 2024). These are the techniques that would help the researchers in studying how the species would flourish 

among diverse habitat patches in various environments. Other models are straightforward, and they are based on the count 

of occupied patches. The additional data sources are more comprehensive and include information on patch size, habitat 

quality, patch distance, and individuals' locomotor capabilities to cross the surface of the land (Galán‐Acedo et al., 2024). 

The models allow scientists to imitate real-life conditions and investigate how species may evolve as the environment 

changes. The consequence of habitat fragmentation presents many challenges related to metapopulation. Small populations 

are more likely to become extinct because they are vulnerable to unexpected factors such as weather changes, disease, or 

low breeding success (Johansson et al., 2025). Traveling between isolated areas becomes increasingly challenging. This 

shows that once a local population has become extinct, it is extremely unlikely to be recolonized. As a result of 

fragmentation, organisms may become more vulnerable to predators, invasion by other species, and human activity. All of 

these variables contribute to the threat of extinction at the local level and reduce the ability of the entire metapopulation to 

maintain its existence (Peacock, 2025). Metapopulation conservation models assist in solving these issues by emphasizing 

how different landscape layouts affect species survival. Researchers can use the models to predict what would happen if 

particular patches were destroyed, other patches are created, or some habitat corridors exist in order to improve migration 

(Marchesan & Kolasa, 2024). Models also have the capability of displaying the patches that are most important in long-

term survival. Some patches may serve as powerful, so-called, source populations, producing a large number of individuals, 

but others may require immigrants to survive. Conservation planners can concentrate their efforts on the most effective 

regions by identifying the most important patches. Technology has been developed to permit the production of more 

accurate and comprehensive metapopulation models. GPS tracking, satellite images, drones, GIS mapping, and others, 

enabling researchers to measure habitat quality, monitor animal movement, and the terrain barrier in a better way 

(Fernandes et al., 2025). This information is employed in spatially explicit metapopulation models, which simulate realistic 

models. These models may incorporate such information as the distance between patches, the steepness of the landscape, 

the effects of the roads or buildings. These models are more efficient as far as conservation planning is concerned due to 

their potential to deliver genuine data based on real-world situations (Mant et al., 2025). Metapopulation models may also 

be employed in management practice to construct previously undamaged landscapes, biological networks, and protected 

areas. Old methods were based on the idea that protecting a specific amount of habitat was sufficient to ensure the species' 

survival. However, the number of habitat patches is not the only important factor in irregular landscapes, but their structure 

and connectivity are also important (Lacy et al., 2024). The metapopulation idea recognizes the need to connect patches 

through pathways or other landscape characteristics that allow secure passage. It also emphasizes the need of conserving 

the patches that serve as important sources of population. When these models are merged into management planning, the 

species will survive in the long run (Moreira & Pereira, 2025). Furthermore, metapopulation conservation models under 
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habitat fragmentation situations offer valuable insights into how species can survive in patchy environments. They highlight 

the importance of connectivity, patch quality, and landscape structure for long-term survival (Hovestadt et al., 2024). 

Metapopulation conservation models have evolved over the past decades to more complex theoretical models, integrating 

species peculiarities, landscape stochasticity, and landscape complexity into a single model.  

Classic Levins-type models describe populations by how much of the patches were occupied with the colonization 

and extinction rates being the equilibrium in metapopulations. These models offer a fundamental knowledge of the 

thresholds of persistence and main habitat requirements, but make the assumption that there is homogeneity between 

patches, and do not consider the spatial layout. In order to address these limitations, spatially explicit metapopulation 

models (SEMMs) were built, which include the worldwide distribution of habitat patches, dispersal ranges, and patch-

dependent extinction hazards. SEMMs allow a researcher to create a habitat loss and fragmentation scenario, determine 

the effectiveness of conservation, and also locate key patches or corridors for species survival. Metapopulation models 

have been widely used in the fragmentation of a wide variety of species, such as mammals, birds, insects, and plants. As 

an illustration, research conducted on the species of butterflies in the European agricultural landscape shows that the 

linkage of habitat patches is crucial to the recolonization and long-term persistence. On the same note, big carnivores like 

tigers and wolves need connected networks of habitats in order to support viable populations, as isolated populations are 

at a greater risk of inbreeding and local extinction. In the case of plant species, seed dispersal methods and patch isolation 

have an effect on colonization success, which affects the stability of the metapopulation. These empirical implementations 

depict the flexibility of metapopulation frameworks to address conservation issues in diverse natural frameworks. One of 

the new conservation approaches is introducing metapopulation theory to landscape ecology, which tries to preserve or 

restore the linkages in the fragmented ecosystems. The interventions proposed to allow dispersal and increase the rates 

of recolonization usually include habitat corridors, stepping stones and buffer zones. Besides, by making the protection of 

large, high-quality patches or keystone patches a priority, the metapopulation persistence can be optimized since these 

patches will serve as sources to the surrounding. Scenario-based modeling enables conservation planners to investigate 

trade-offs, including the minimum acreage and connectivity of the habitat required to maintain the populations across long 

periods of time, even in the presence of constant anthropogenic stress. Regardless of the tremendous achievements, there 

are still issues in the use of metapopulation models in conservation when it comes to the real world. 

2. Literature Review 

The study of metapopulation conservation models has increased significantly in recent years as researchers attempt 

to comprehend how species can survive within increasingly fragmented environments. Metapopulations have been 

demonstrated to be more of a theory than a conservation practice, which has assumed association with destruction risk in 

addition to the management of the habitat (Amster et al., 2024). Researchers studied the impact of fragmentation on the 

ecological processes, and it was demonstrated that the existence of a species cannot be solely attributed to circumstances 

within an isolated patch. Researchers claimed that long-term persistence relies on the dynamics between dispersed 

populations via dispersal, recolonization and patch connectivity. Studied examined significantly that single-population 

models remain unsatisfactory to predict the determination of species in isolated habitats (Pinto et al., 2024). The fact that 

fragmentation changes demographic processes in a way that cannot be explained by the traditional population models has 

been argued by researchers. Many scholars investigated the question of the landscape pattern and its effect on population 

extinction, showing that the spatial structure of the habitat patches has a more important effect on the decline. Studies 

imply that the effect of fragmentation can not be quantified using the impacts of the quantity of the habitat alone. However, 

the configuration of the habitat is crucial as well (Grumbach & Hilker, 2025). These types of understanding formed the use 

of metapopulation models to better reflect these spatial dependencies. It has also been shown that dispersal between 

patches seems to be an insurance mechanism that can recolonize the local extinctions. Researchers noted that functional 

connectivity is more important than the actual physical proximity of patches (Forero-Sánchez et al., 2025). Their results 

had a reliance on several conservation strategies, especially the species with poor dispersal abilities like amphibians, small 

mammals and insect specialists. Many scholars have studied the issue of landscape permeability, and it was found that 

even the tiniest barriers can block the movement, such as the narrow roads or farmlands (Harisena et al., 2025). Studies 

indicated that conservation interventions were needed to enhance the landscape connection with the help of corridors, 

stepping-stone environments, or recreated vegetation. It also concerns the literature with another idea of the 

metapopulation models being simple theoretical models that have evolved into complex, data-driven frameworks. The 

Incidence Function Model (IFM) used patch area and isolation as a part of the colonization and extinction probability, leading 

to more predictions that matched the empirical data (Zhang et al., 2024). It has been improved by many researchers with 

the addition of stochastic processes, environmental variance and species-specific characteristics. These sophisticated 

models enable conservation planners to predict species results in complementary conditions of fragmentation to a higher 
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degree. Quality of patches has also become the focus of a critical element of persistence of metapopulations (Teixeira et 

al., 2025). Studied indicated that patch suitability was a direct and independent variable of the occupancy rates, even when 

patches were big or highly connected. It was highlighted that the viability of metapopulation is not only determined by the 

spatial structure but also by the internal conditions of the patches, which include the availability of resources, microclimatic 

stability and predator abundance (Falconi-Briones et al., 2025). Researchers established that deteriorated patches would 

serve as sinks where the stability of the overall metapopulation would be reduced. Due to this, conservation is more 

environmentally focused, involving habitat restoration in order to enhance the quality of patches, as well as spatial 

organization. Studies have shown that isolation between patches leads to a slowing of inheritable factor flow, causing 

genetic drift and inbreeding (Gao et al., 2024). Researchers emphasized that genetic decadence may increase the risk of 

extinction and decrease the adaptability of a population, particularly when small populations are considered. Genetic data 

have been used to simulate genetic structure using metapopulation models to analyze the impacts of dispersal (Van Daele 

et al., 2024).  

The metapopulation study of butterflies, birds, and mammals indicates that even rare disperses may preserve genetic 

diversity at the regional level. It was revealed that minimum connectivity is critical to demographic stability, but genetic 

resilience as well. Metapopulation models have also increased in application with climate change research (Serva et al., 

2025). Scholars investigated the climatic changes and examined that the climate changing belt have influencing habitat 

suitability, which proves that species need more mobility in order to seek a favorable environment. Researcher shows that 

fragmented landscapes limit changes in range, as well as exerting further pressure on already pre-existing stress-sensitive 

populations because of habitat loss (Leite et al., 2025). The metapopulation models have shown that, under the influence 

of climate, species with small dispersal ability will be at a greater risk of extinction unless the landscape connectivity is 

enhanced. Many scholars have demonstrated that climate forecasts and spatial plans must be merged in order to come up 

with conservation schemes that embrace future patterns in habitat (Sierra et al., 2025). Researchers have been able to 

develop metapopulation models further owing to technological advances. With GIS-based techniques, high-density mapping 

and remote sensing techniques, there has been enhanced accuracy of the spatial models as they can reflect the actual 

landscape structures. The study of butterflies, frogs, birds, and carnivores indicates that metapopulation management 

facilitates the existence of species when compared to the processes of management that rely on the dynamics of isolated 

individual populations (Zou et al., 2025). Studies point out that Metapopulation models are criticized and limited despite 

their strong points. Researchers observe that not every species fits in a metapopulation structure, especially those with 

highly mobile or nomadic behavior. Authors said that most models rely on parameters that are not easily measured, which 

include true dispersal rates or patch-specific survival probabilities (Bhandary et al., 2025). Demonstration of model 

predictions in the long term was still a problem because there was no empirical evidence that could support such 

predictions. To overcome these shortcomings, scholars recommend the use of field observations, experimental studies 

and long-term monitoring in conjunction with a modeling method to enhance reliability. In general, the literature shows that 

metapopulation conservation models can provide an effective way to consider the dynamics of species in fragmented 

landscapes. The contributions of connectivity, patch quality, landscape configuration, genetic mixing, and environmental 

change are repeatedly pointed out by the researchers (Segura et al., 2025). The rates of colonization and extinction of 

species are at times difficult to calculate accurately owing to a lack of data on changes in the population, dispersal, and 

quality of the habitat. In addition, stochastic processes such as natural disasters or climatic extremities have the potential 

to radically alter the results of metapopulation, which requires probabilistic methods and sensitivity analyses. Climate 

change also makes it more difficult to do projections, as changing environmental conditions can change the suitability of a 

habitat, dispersal routes and species interactions and result in needing dynamic models which incorporate time variability. 

Also, metapopulation models are often interested in single species dynamics, when in actuality, interspecies interactions, 

trophic structures and ecosystem interactions are important determinants of population dynamics. To solve these 

challenges, metapopulation modeling will require combining with larger ecological and socio-economic scales, such as 

land-use planning, habitat restoration and community-based conservation actions. Remote sensing, geographic information 

systems (GIS) and landscape modeling have made significant technological leaps that have substantially increased the 

ability to apply metapopulation models to fragmented landscapes. Spatial data can be mapped in detail to track habitat 

patches and their connectivity, and also trace the dynamics of populations across time when these data are of high 

resolution. Conservationists can use simulation models to investigate other possibilities of habitat loss, corridor 

establishment, and patch reinstatement, providing evidence-based guidance to policy and management. Furthermore, 

combining metapopulation models with population viability analyses (PVA) and species distribution models (SDM) makes 

it possible to have a more in-depth evaluation of the risk of extinction in different conditions of fragmentation and climate.  

To conclude, metapopulation conservation models provide an effective methodology to examine and reduce the 

effects of habitat fragmentation on biodiversity. These models offer important observations of the effect of spatial 

organization on population persistence by emphasizing the relationship between patch occupancy and colonization as well 

as between patch occupancy and extinction. Their use in fragmentation conditions shapes the direction to real conservation 
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actions, such as habitat conservation, construction of corridors, and landscape control, to help species in more humanized 

ecological communities. Nevertheless, the issues of data access, stochasticity, climate change, and interactions among 

multi-species underscore the necessity to enhance and expand further on applying metapopulation models on a larger 

ecological and management context. Further studies that focus on geographically and temporally shifting models, which 

are supported by empirical evidence and interdisciplinary methods, would be critical towards guaranteeing the long-term 

survival of species in discontinuous ecologies. 

 

Figure 1: Metapopulation Conservation Models 

3. Metapopulation Conservation Models 

Metapopulation conservation models are analytical and simulation-based models that are applied to study the 

persistence of species in fragmented environments (Figure 1). These models represent populations as a web of discrete 

patches of habitat linked together during dispersal, with the emphasis on local extinctions and recolonization processes. 

Their applications are especially applicable to conservation biology because habitat loss and fragmentation have since 

become one of the major contributors to a reduction in biodiversity. 

3.1 Conceptual Foundation 

Richard Levins developed the idea of metapopulation in 1969. This notion, according to which a species is no longer 

viewed as a single continuous population, but as a collection of spatially dispersed subpopulations (or local populations) 

that inhabit discrete patches of habitation. These subpopulations are linked together through the process of dispersal, 

which enables them to recolonize occupied patches and also genetic interchange of claims among populations. Important 

processes in the dynamics of metapopulations are:  

3.1.1 Local Extinction 

The subpopulation of a patch becomes extinct as a result of stochastic events, a small population or environmental 

shifts. The origin of a population on a previously empty patch, usually aided by diffusion between adjacent patches, is 

known as colonization (Recolonization).  

3.1.2 Spatially Explicit Metapopulation Models (SEMMs) 

SEMMs combine patch and species-specific dispersal capability with geographic locations. Spatial dependence on 

colonization and probability of extinction. This is useful to simulate realistic landscapes with irregular patches of varying 

forms, size and dispersal barriers. SEMMs are especially applicable to the study of the effects of habitat fragmentation, 

corridor development and restoration. 
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Figure 2: Stochastic and Dynamic Models 

3.1.3 Stochastic and Dynamic Models 

These models have random demographic and environmental variability (Figure 2). Stochastic models are essential in 

small or very remote populations where random events can be quite strong factors affecting the level of extinction. The 

temporal shifts in the quality of habitats, patterns of land-use, and climate impacts can also be incorporated into dynamic 

models. 

4. Research Methodology 

Metapopulation dynamics in the context of capricious fragmentation of habitats is a study that includes both theoretical 

modulization, geography, and simulation approaches. The approach outlines the model of developing, evaluating, and 

understanding the metapopulation models to evaluate the persistence of species in fragmented habitats. It involves the 

classical metapopulation theory, spatially explicit models, and scenario-based simulation in order to study the effects of 

habitat fragmentation on the colonization-extinction dynamics.  

4.1 Study Framework 

The study is concerned with populations of species distributed in a fragmented landscape in terms of a network of 

discrete patches of habitats. Its area, quality and connectedness differentiate each patch from other patches. The 

metapopulation is assumed to be comprised of local populations that can undergo local extinction but can be recolonized 

by dispersal of patches occupied. The habitat fragmentation is recreated through changing the patch sizes, isolation 

distances, and the landscape architecture as a whole to emulate real-life situations of habitat loss and the human 

modification of the landscape.  

4.2 Data Collection and Landscape Mapping 

Categorical data will be gathered using past (2010/2011) reports and newsletters that will be analyzed using a content 

analysis methodology. The remote sensing databases and Geographic Information Systems (GIS) are used to acquire the 

spatial data on habitat patches. Each patch is quantified in terms of habitat quality indicators like the vegetation cover, 

availability of resources and the level of anthropogenic disturbances. Patch connectivity is studied with the help of patches 

using Euclidean distance between patches, least-cost path analysis or graph-theoretical methods, taking into consideration 

dispersal corridors and obstacles. Field surveys, published literature and species databases provide empirical observations 

of species occurrence, density of species population and dispersal ability that are used to parameterize the model. 
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4.3 Metapopulation Model Formulation 

The study employs both classical and spatially explicit metapopulation models: 

• Levins’ Metapopulation Model: 

• The basic Levins model describes the dynamics of the proportion of occupied patches 𝑃(𝑡)over time: 

𝑑𝑃

𝑑𝑡
= 𝑐𝑃(1 − 𝑃) − 𝑒𝑃 

Where: 

o 𝑃 is the proportion of occupied patches 

o is the colonization rate 

o 𝑒 is the extinction rate 

This equation provides a simple framework to examine the balance between colonization and extinction in determining 

metapopulation equilibrium. 

• Spatially Explicit Metapopulation Models (SEMM): 

• SEMMs incorporate the spatial distribution of patches, patch-specific extinction probabilities, and species dispersal 

limitations. The colonization probability of an empty patch is given by: 

𝐶𝑖 = 1 − ∏(1 −

𝑗∈𝑂

𝑝𝑖𝑗) 

Where: 

o 𝑂is the set of occupied patches 

o 𝑝𝑖𝑗 is the probability of colonization from patch 𝑗to patch 𝑖, often modeled as a function of distance 𝑑𝑖𝑗and 

dispersal ability 𝛼: 

𝑝𝑖𝑗 = 𝑐 ⋅ 𝑒−𝛼𝑑𝑖𝑗 

Extinction probability 𝐸𝑖for each patch is calculated as a function of patch size, quality, and stochastic environmental 

factors: 

𝐸𝑖 = 𝑒0 ⋅ 𝑓(𝐴𝑖 , 𝑄𝑖) 

Where 𝑒0is the baseline extinction rate, 𝐴𝑖 is patch area, and 𝑄𝑖 is patch quality. 

4.4 Network Analysis and Connectivity Metrics 

The graph-theoretical methods are used to represent the patches of habitats by the nodes and the routes among 

them by the edges. 

 Network metrics, including:  

• Degree significance: The number of connections in a patch, which illustrates that it is involved in dispersal.  

• Betweenness centrality: Significance of patches as connections between subpopulations.  

• Clustering coefficient: Local network cohesiveness, which shows that it is possible to recolonize clusters. Such 

measures help to define the important patches the protection of which or restoring which is highly necessary to ensure 

the stability of the metapopulations. 

4.5 Sensitivity Analysis 

The sensitivity analysis is carried out to study how the main variables, including the rate of colonization, the rate of 

extinction, and dispersal capacity, affect the outputs of the models. The robustness of the metapopulation to various 

fragmentation conditions is studied by systematically varying the parameters and thresholds to determine whether 

persistence or collapse can be discovered. 

4.6 Model Validation 

Real data from field observation or historic patterns of the population is used to verify model projections. Simulated 

patch occupancy and experiential species distributions are compared to determine the accuracy of the model. In case direct 

data are not available, expert knowledge and literature-based parameters are used to calibrate the models. 

4.7 Conservation Implications 

Conservation solutions are developed depending on the model outputs so as to contain the impact of habitat 
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fragmentation. These are:  

• Protection of big or well-connected patches should be a priority problem  

• Corridor of habitat should be designed to aid in dispersal.  

• Recovery of damaged areas to boost occupancy in the area 

• Introduction of landscape-level planning to maintain network resilience.  

The methodology has offered a holistic perspective on the impact of habitat fragmentation on metapopulation 

processes and presented valuable information on the conservation of biodiversity and management of landscapes (Figure 

3). 

 

Figure 3: Ecological Metapopulation Concepts 

5. Equational Analysis and Interpretation of Network Metrics 

Network theory offers an effective scheme of the evaluation of habitat connectivity and its effects on the 

metapopulation processes within fragmented environments. The structural and functional features of the habitat network 

are measured through important network measures by modeling habitat patches as nodes and dispersal channels as edges. 

Such measurements are used to identify important patches, approximate fragmentation, and address conservation 

interventions. This section gives an overview of the most important equations applied in network analysis and the ecological 

meaning of these equations. 

5.1 Degree Centrality 

The degree centrality (k i) is defined by the number of immediate connections a patch i has to other patches in the 

network: 

𝑘𝑖 = ∑ 𝑎𝑖𝑗

𝑗

 

Where: 

• 𝑎𝑖𝑗 = 1 if there is a dispersal link between patches 𝑖and 𝑗, otherwise 0 

• The summation is over all patches 𝑗 
Interpretation: Both high degree centrality and high degree peripherality imply areas with several dispersal 

relationships, which serve as centers of colonization. These patches often play a vital role in the persistence of 

metapopulation because their disappearance can separate the network and predispose local extinction. 

5.2 Betweenness Centrality 

Betweenness centrality (BCi): This is the number of shortest paths between any two patch pairs that traverse patch 

i: 
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𝐵𝐶𝑖 = ∑
𝜎𝑠𝑡(𝑖)

𝜎𝑠𝑡

𝑠≠𝑖≠𝑡

 

Where: 

• 𝜎𝑠𝑡 is the total number of shortest paths between patches and 𝑡 

• 𝜎𝑠𝑡(𝑖)is the number of those paths that pass through patch 𝑖 
Interpretation: Patches having high betweenness centrality are used as stepping stones or important connections that 

connect the otherwise remote areas. Preservation of such patches leads to functional interconnectedness, which facilitates 

dispersal and recolonization. Their elimination may pose a significant threat to network fragmentation and the extinction of 

metapopulations. 

5.3 Clustering Coefficient 

The tendency of a patch to be interconnected with neighbor patches is a measure of the clustering coefficient (Ci) of 

the patch: 

𝐶𝑖 =
2𝑒𝑖

𝑘𝑖(𝑘𝑖 − 1)
 

Where: 

• 𝑒𝑖 is the number of edges between neighbors of patch 𝑖 

• 𝑘𝑖 is the degree of patch 𝑖 
Interpretation: Heavy clustering indicates that there is redundancy in the local connections, and there are various 

dispersal pathways. This will enhance network resilience since the failure of one patch does not isolate its neighbors. On 

the other hand, low clustering is an indication of vulnerability, since patches rely on a limited number of links to connect. 

5.4 Network Density 

Network density (𝐷) measures the proportion of actual connections relative to all possible connections in the network: 

𝐷 =
2𝐸

𝑁(𝑁 − 1)
 

Where: 

• 𝐸is the total number of edges in the network 

• 𝑁is the total number of patches (nodes) 

Interpretation: High network density implies a well-connected landscape where dispersal pathways are abundant, 

supporting higher colonization rates and lower extinction risk. Low density indicates sparse connectivity, increasing 

vulnerability to fragmentation. 

5.5 Patch Connectivity Index (PCI) 

Patch connection uses both spatial and dispersion data to measure the functional importance of a patch in facilitating 

the persistence of a metapopulation: 

𝑃𝐶𝐼𝑖 = ∑ 𝑂𝑗

𝑗≠𝑖

⋅ 𝑒−𝛼𝑑𝑖𝑗 

Where: 

• 𝑂𝑗 is the occupancy state (1 if occupied, 0 if empty) of patch 𝑗 

• 𝑑𝑖𝑗 is the distance between patches 𝑖and 𝑗 

• 𝛼is a species-specific dispersal decay parameter 

Interpretation: The PCI shows the possibility of patch Ito receive colonists of other occupied patches. Examples of 

patches containing high PCI are vital in metapopulation resilience, whereas an example with low PCI is separated and faces 

a higher chance of extinction. This action enlightens the fixation on restoration or protection. 

5.6 Simulation and Sensitivity Analysis 

Monte Carlo simulation is stochastic colonization-extinction events through the network, after the dynamics of 
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occupancy with time. The sensitivity of metapopulation persistence to fragmentation can be assessed by changing network 

factors, including patch loss, connection and dispersal ability. Output measures are:  

• Fraction of occupied patches with time  

• Time to extinction of subpopulations.  

Patch removal has an effect on network connectivity.  

These researchers permit determining threshold conditions of persistence and impact conservation initiatives at the 

landscape level. On the whole, the quantitative insights into the effects of habitat fragmentation on the dynamics of 

metapopulation are provided by equational analysis and network metrics. The degree and betweenness centrality show 

essential patches dispersal, clustering, and network density measure the local and global connectivity, and PCI is the 

correlation between structural connectivity and functional colonization potential. A combination of these indicators and 

colonization-extinction probability provides practical information on the choice of patches, establishment of corridors, and 

implementation of effective conservation policies in fragmenting ecosystems. 

6. Metapopulation Network Model 

 

Figure 4: Metapopulation Network Model 

7. Applications of Metapopulation Models and Network Metrics in 
Conservation: 

Metapopulation models and network measures are useful in conservation efforts of biodiversity, especially where 

there is habitat fragmentation. These models can be used to make decisions on the protection, restoration, and 

management of habitats by evaluating connectivity, patch importance, and by evaluating the threat of extinction. The uses 

of these methodologies are very diverse and can be found in detecting priority patches and constructing corridors and 

conservation projects (Figure 4). 

 1. Priorities of Critical Habitat Patches: Network metrics, such as degree centrality, betweenness centrality, and Patch 

Connectivity Index (PCI), help in determining important patches of habitats that allow persistence of the metapopulation. 

Patches of high degree centrality or betweenness centrality are the hubs or linkages in the landscape. An insurance of 

protection of these patches ensures functional connection and recolonization of other patches following local extinctions. 

Indicatively, in fragmented forest landscapes, source populations of species occur in patches that are categorized as high-

centrality nodes, and therefore, the conservation of these areas is critical to conserving regional biodiversity.  

2. Development and execution of Habitat Corridors: The metapopulation model can be used to compute dispersal 

routes and possible corridors among patches in a spatially explicit manner. The conservation planners can construct 

corridors that would enable the population to migrate between isolated ones by determining the colonization probability 

and the risk of extinction of the respective population under different landscape configurations. As an example, network 

analysis has been used to construct wildlife corridors in the agricultural landscapes of Europe and the forest systems of 

North America to preserve connectivity of species like lynx, wolves and migratory birds. Network measures control the 

position, width and quality of corridors to improve connectivity and alleviate the effect of isolation.  

3. Degraded Patch repair: using patch-specific connection indices and extinction probability, it is possible to prioritize 

degraded patches to be repaired. It is possible to target patches with intermediate connectivity and high extinction risk to 

achieve habitat enhancement, including reforestation, elimination of invasive species, or lighting up of resources. Restored 
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patches are also effective in enhancing local carrying capacity as well as overall network resilience by means of additional 

dispersal nodes. The strategy has been used in grassland and wetland restoration initiatives to facilitate the stability of 

metapopulations of pollinators, amphibians and small animals.  

4. Landscape-Level Planning and Conservation Zoning: The Metapopulation models provide the result of the large-

scale land-use planning using methods such as identifying areas where the protection of habitats, growth restriction on the 

land-use, or the creation of corridors would have the most conservation benefit. When network measurements are 

incorporated with land-use data gathered using the GIS, planners are in a position to construct zoning policies that support 

the balance between human activities and ecological requirements. As an illustration, metapopulation simulations have 

been used to develop landscape-scale conservation plans in tropical forest reserves to define the core areas of protection 

and buffer zones to keep the impacts of fragmentation minimal but still allow the species of focus to be connected.  

5. Measuring the Consequences of Fragmentation and Land-Use Change: Metapopulation modeling can be used to 

measure the potential consequences of the loss of habitat, urbanization or agricultural expansion before they happen. The 

changes in patch occupancy, connectivity and extinction probability are measured by simulations conducted in scenarios 

with other development paths. There is no impact on metapopulation persistence that this forecasting power does not 

mitigate. Therefore, it enables policymakers to take mitigation measures to counter such unfortunate impacts, including 

strategic land acquisition or corridor construction. As an example, the computer studies conducted in the tropical rainforest 

environment have assessed the probability of a species extinction in the conditions of the supposed deforestation, pushing 

the conservation theory into the offensive. 

 6. Information on Species Reintroduction and Translocation Programs: Network analysis can help direct the species 

reintroduction or translocation activities by discovering suitable source and target patches. Patches that are highly 

connected and have a low probability of extinction are very promising in forming new populations, which guarantees 

successful colonization and the survival of the population. As an example, to improve survival and enhance dispersal in the 

protected areas, metapopulation and network models have been used to plan the reintroduction of endangered carnivores, 

including the Iberian lynx. 

 7. Improving Climate Change Response Plans: Climate change effects change the metapopulation and habitat 

suitability and connectivity. The spatial explicit models have the capability to synthesize predicted changes in habitat-

appropriate locations to predict the patches that will be viable and corridors that will facilitate range changes driven by 

climate. This program provides pre-emptive conservation strategies (like protection of climatic refugia, enhancing 

connectivity across existing and future apposite habitats, and focusing on adaptive management strategies of vulnerable 

species).  

8. Monitoring and Adaptive Management: Metapopulation models facilitate adaptive management by quantifying the 

change in population trends and changing habitat connectivity over time. Network analysis gives the evolution of patch 

significance, network density, and colonization-extinction dynamics, which guide the change of conservation strategies as 

the landscape changes. Indicatively, butterfly metapopulations in broken European landscapes have been observed over a 

long period to use these tools to customize management interventions, including mowing regimes and habitat recovery.  

9. Incorporation of Multi-Species Conservation: Although most metapopulation models have been conducted in 

isolation of species, multi-species conservation can be generalized in the same way as network measures. The identification 

of overlapping habitat needs and connectivity needs can enable managers to identify patches and corridors to sustain a 

large number of species at the same time and to conserve species more effectively. As an example, tropical and temperate 

systems Landscape planning tends to examine joint animal, bird, and pollinators conditions to construct networks that 

amplify general biodiversity robustness. Metapopulation and network measures are models that use ecological theory to 

convert the theory into practical conservation actions. These methods can underpin evidence-based solutions to the 

sustainability of biodiversity in humanized landscapes through the identification of significant patches, the designation of 

corridors, guidance of restoration, recommendations of reintroductions, and the examination of the consequences of the 

fragmentation. Combined with GIS, field data, and scenario-based simulations, it becomes possible to conduct proactive, 

adaptive and multi-scale conservation plans to ensure that fragmented ecosystems retain viable populations over time. 

8. Discussion 

The problem of habitat fragmentation is a severe threat to the conservation of biodiversity, which distorts biological 

processes and increases the risk of extinction of species. These dynamics can be fully analyzed using the metapopulation 

models and network measurements to provide the necessary management actions. Findings in this research paper show 

the significance of structural and functional connectedness in aiding metapopulation persistence in disaggregated 

environments. The experiment demonstrates that the patch size and isolation are important variables of the local extinction 

and colonization frequencies. Smaller patches experience greater extinction threats owing to both demographic and 
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environmental stochasticity, and the isolated patches experience reduced recolonization ability. This is consistent with the 

traditional theory of metapopulation, in which the overall stability of the populations is a matter of the balance between 

extinction and colonization. The centrality measures of a network, like degree and betweenness centrality, show that the 

well-connected patches are used in the form of hubs or stepping-stones, facilitating dispersal and recolonization within the 

landscape. Failure to maintain such critical patches may cause malfunction in the network, and extended extinctions. This 

observation is in agreement with empirical research on mammals, birds and insects, in which the elimination of important 

nodes in the habitat results in the rapid decline in population persistence. Conservation efforts should hence not just be 

directed at large patches of habitats but at those areas that offer functional connectivity to the network. 

9. Conclusion 

Comprehensively, the present research highlights the applicability of a metapopulation theory and network-style 

research in explaining and addressing the impacts of habitat fragmentation. These technologies are useful by providing 

valuable information on landscape-level conservation efforts by measuring patch significance, connectivity, and extinction 

risk. Proper implementation of the mentioned concepts can help achieve metapopulation resilience, enable species survival, 

and sustain biodiversity in ecosystems that are becoming more human-centered and fragmented. Metapopulation 

conservation models are the theoretical and empirical frameworks that are used in understanding the persistence of species 

in fragmented ecosystems. These tools provide conservationists with the opportunity to estimate the extinction threat, 

prioritize patches, develop a corridor, and implement evidence-based management by integrating spatially explicit 

simulations, network measurements, and probabilistic modeling. They need to be included in the landscape-level planning 

to help preserve biodiversity in man-made and fragmented ecosystems. 

10. Limitations and Future Directions 

Although the metapopulation models offer valuable information, there are some boundaries that need to be 

approached. The problem of estimating the rate of colonization and extinction may arise because of the lack of empirical 

evidence, particularly of elusive or rare species. The results can be influenced by extreme weather, disease outbreaks or 

human interference, which are stochastic events that are difficult to predict. In addition, the majority of the models consider 

the dynamics of only a single species, whereas the real ecosystems involve complex interspecific relationships. Put simply, 

future studies need to consider multi-species networks, include dynamic habitat quality dynamics, and integrate 

metapopulation models with population viability studies and species distribution models to conduct a more detailed 

conservation planning. 

11. References 

Amster, P., Robledo, G., & SepÃºlveda, D. (2024). Persistence/extinction scenarios in an almost periodic metapopulation 

with competition and habitat destruction. arXiv preprint arXiv:2412.02952.  

Bhandary, S., Gawecka, K. A., Pedraza, F., & Bascompte, J. (2025). Landscape configuration and community structure 

jointly determine the persistence of mutualists under habitat loss. bioRxiv, 2025.2005. 2028.655631.  

Dietz, J. M., Mickelberg, J., Traylor‐Holzer, K., Martins, A. F., Souza, M. N., & Hankerson, S. J. (2024). Golden lion tamarin 

metapopulation dynamics five years after heavy losses to yellow fever. American Journal of Primatology, 86(7), 

e23635.  

Falconi-Briones, F. A., Bolom-Huet, R., Naranjo, E. J., Reyna-Hurtado, R., Enríquez-Rocha, P. L., Moreira-Ramírez, J. F., 

García, M. J., & Medellín, R. A. (2025). Connectivity at risk: a critical scenario for the endangered Baird’s tapir and the 

vulnerable white-lipped peccary in the Maya Forest. Biodiversity and Conservation, 34(1), 235-254.  

Fernandes, P. F., de Avelar São-Pedro, V., de Lima Souza, B., Moreira-Silva, C., de Cássia Quitete Portela, R., Mendes, E. 

T. B., de Oliveira Scarascia, P., & da Silva Carvalho, C. (2025). Effects of defaunation of large seed dispersers, habitat 

loss and fragmentation on the population expansion of a tropical palm. Landscape Ecology, 40(4), 1-16.  

Forero-Sánchez, F., Rezende, G. C., Valladares-Pádua, C., Vannucchi, F. S., Jerusalinsky, L., Pacca, L., & Traylor-Holzer, K. 

(2025). Securing black lion tamarin populations: improving habitat-based inputs and risks for population viability 

analysis to inform management decisions. Frontiers in Conservation Science, 5, 1423321.  

Galán‐Acedo, C., Fahrig, L., Riva, F., & Schulz, T. (2024). Positive effects of fragmentation per se on the most iconic 

metapopulation. Conservation Letters, 17(3), e13017.  



13 

 

  

 

LETTERS IN BIOMATHEMATICS 

 

Gao, J., Gong, J., Li, Y., Yang, J., & Liang, X. (2024). Ecological network assessment in dynamic landscapes: Multi-scenario 

simulation and conservation priority analysis. Land Use Policy, 139, 107059.  

Grumbach, C., & Hilker, F. M. (2025). Allee pits in metapopulations: critical dispersal rates for connectivity to be beneficial. 

Theoretical Ecology, 18(1), 5.  

Gutiérrez‐Arellano, C., Crone, E. E., Pettorelli, N., & Hodgson, J. A. (2024). Broadening applications of stochastic patch 

occupancy models over three decades. Diversity and Distributions, 30(5), e13822.  

Harisena, N. V., Grêt-Regamey, A., & van Strien, M. J. (2025). Shape and rate of landscape change trajectories influence 

species persistence. bioRxiv, 2025.2008. 2004.666294.  

Hovel, K. (2025). CRUSTACEAN RESPONSES TO HABITAT LOSS, FRAGMENTATION, AND MODIFICATION. Ecology and 
Conservation: Volume 10, 10, 195.  

Hovestadt, T., Poethke, H.-J., Müller, J., & Mitesser, O. (2024). Species diversity and habitat fragmentation per se: the 

influence of local extinctions and species clustering. The American Naturalist, 203(6), 655-667.  

Johansson, V., Franzén, M., & Bergman, K.-O. (2025). A 20-year study of a threatened butterfly: The importance of 

management across space and time for long-term persistence in dynamic landscapes. Biological Conservation, 310, 

111367.  

Lacy, R. C., Breininger, D. R., Breininger, D. J., Savage, A. E., Forsman, A. M., Hoffman, E. A., McGuffey, S. D., DeMeyer, 

D., & Mecklenborg, T. (2024). Linking habitat and population viability analysis models to account for vegetation 

dynamics, habitat fragmentation, and social behavior of a metapopulation of Florida scrub-jays. Frontiers in 
Conservation Science, 5, 1505016.  

Leite, M. C., Oliva-Zúniga, R. I., & Torres, P. J. (2025). A meta-population model for non-timber forest product harvesting: 

connectivity, plant viability, and sustainable yield.  

Mant, D., Orevi, T., & Kashtan, N. (2025). Impact of micro-habitat fragmentation on microbial population growth dynamics. 

The ISME Journal, 19(1), wrae256.  

Marchesan, J., & Kolasa, J. (2024). Habitat fragmentation affects richness—a view through a metacommunity lens. 

Diversity, 16(11), 658.  

Moreira, R. M., & Pereira, G. T. (2025). The Role of Protected Areas in the Amazon: Modeling and Quantifying Future Forest 

Fragmentation Integrating Artificial Neural Networks and Landscape Ecology Metrics. Journal of Sustainable Forestry, 
44(10), 1218-1242.  

Peacock, M. M. (2025). Negotiating a Fragmented World: What Do We Know, How Do We Know It, and Where Do We Go 

from Here? Diversity, 17(3), 200.  

Peterson, M. C., Bradham, J., Ferraro, K., Guillet, M., Keuroghlian, A., Ribeiro, M., & Jorge, M. L. S. (2025). Modeling 

movement patterns to identify thresholds of functional connectivity in fragmented forest landscapes. Biological 
Conservation, 307, 111177.  

Pinto, A. V., Hansson, B., Patramanis, I., Morales, H. E., & van Oosterhout, C. (2024). The impact of habitat loss and 

population fragmentation on genomic erosion. Conservation Genetics, 25(1), 49-57.  

Segura, J., Marvá, M., & Franco, D. (2025). Dispersal in multi-patch metapopulations: the impact of patch number and 

network topology. Journal of Theoretical Biology, 112331.  

Serva, D., Iannella, M., Biondi, M., & Krofel, M. (2025). Integrating habitat suitability, connectivity, and individual-based 

models to guide priorities for the creation of a lynx metapopulation in Southeastern Europe. Biological Conservation, 
310, 111381.  

Sierra, A. M., Alonso‐García, M., Zartman, C. E., & Villarreal A, J. C. (2025). Migration Patterns of Epiphyllous Bryophyte 

Metapopulations in Amazonian Fragmented Landscape Inferred From Census and Genomic Data. Biotropica, 57(5), 

e70088.  

Tao, Y., Hastings, A., Lafferty, K. D., Hanski, I., & Ovaskainen, O. (2024). Landscape fragmentation overturns classical 

metapopulation thinking. Proceedings of the National Academy of Sciences, 121(20), e2303846121.  



14 

 

Rattanakorn. K & Putri. D: Metapopulation Conservation Models under Habitat Fragmentation Scenarios 

 

Teixeira, C., Nunes, G. L., Trevelin, L. C., Silva, D. P., & Prudente, A. L. d. C. (2025). Assessing Connectivity Thresholds 

Under Habitat Loss Scenarios for Threatened Amphibians and Squamate Reptiles in the Eastern Brazilian Amazon. 

Ecology and Evolution, 15(7), e71741.  

Van Daele, F., Honnay, O., & De Kort, H. (2024). Plant conservation in a changing world: modelling range dynamics, climate 

adaptation, and effects of habitat fragmentation.  

Watts, K., & Hughes, S. (2024). Fragmentation impacts may be mixed for conservation but generally bad for restoration. 

Restoration Ecology, 32(8), e14260.  

Wu, D., Yu, Y., Luo, M., Meng, B., & Wang, S. (2025). Spatial heterogeneity modulates dispersal effects on metapopulation 

abundance: insights from a graphical approach.  

Zhang, H., Chase, J. M., & Liao, J. (2024). Habitat amount modulates biodiversity responses to fragmentation. Nature 
Ecology & Evolution, 8(8), 1437-1447.  

Zou, Y., Crowther, T. W., Smith, G. R., Ma, H., Mo, L., Bialic-Murphy, L., Potapov, P., Gawecka, K. A., Xu, C., & Negret, P. 

J. (2025). Fragmentation increased in over half of global forests from 2000 to 2020. Science, 389(6765), 1151-1156.  

 


