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Abstract: This study examined the integration of multi-scale environmental structures and
physiological dynamics in modeling animal movement within Gashaka Gumti National
Park. The research was motivated by the need to improve traditional movement models that
often consider environmental or physiological factors in isolation, thereby limiting
predictive accuracy in complex ecological systems. The study adopted a quantitative
modeling approach using four complementary frameworks: Step-Selection Function (SSF),
Hidden Markov Model (HMM), State-Space Model (SSM), and a Mechanistic
Energy-Based Model. Data used in the study included simulated and ecologically grounded
movement variables such as step length, turning angle, vegetation index, distance to water,
and physiological energy levels. The SSF results showed that vegetation density (= 1.85,
p =0.001) and proximity to water (f =—1.22, p = 0.003) significantly influenced movement
decisions, indicating strong habitat selection patterns. The HMM classified movement into
three behavioral states—feeding (50%), traveling (35%), and resting (15%)—with high
state persistence, particularly in foraging behavior. The SSM reduced mean positional error
from 35 m to 12 m, demonstrating improved accuracy in movement trajectory
reconstruction. The energy-based model revealed a clear inverse relationship between
energy levels and movement probability, with low energy states corresponding to higher
movement activity (P = 0.85 at low energy levels and P = 0.25 at high levels). Furthermore,
the integrated modeling framework outperformed individual models, achieving 88%
predictive accuracy compared to 72% (SSF) and 75% (HMM). The study concludes that
animal movement is driven by the combined effects of environmental heterogeneity and
physiological state, and that integrated modeling significantly enhances predictive
performance. The findings highlight the importance of multi-scale and mechanistic
approaches in ecological modeling and provide valuable insights for wildlife conservation
and habitat management in dynamic ecosystems.
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INTRODUCTION

Animal movement is a fundamental ecological process that underpins species
survival, population dynamics, and ecosystem functioning. Movement determines how
animals access resources, avoid predators, reproduce, and respond to environmental
changes. In recent decades, advances in tracking technologies and analytical tools have
transformed movement ecology into a data-rich discipline, enabling researchers to explore
how animals interact with complex and changing landscapes (Nathan et al., 2008).
However, despite these advancements, modeling animal movement remains challenging
due to the intricate interplay between external environmental conditions and internal
physiological processes.

Traditionally, studies of animal movement have focused on environmental
determinants such as habitat structure, resource availability, and landscape connectivity.
These factors are often examined across multiple spatial and temporal scales, reflecting the
hierarchical nature of ecological systems. For example, animals may select microhabitats
for immediate foraging needs while simultaneously responding to broader landscape
features such as vegetation patterns or water distribution (Morales et al., 2010). Multi-scale
environmental  structures—including  patchiness, fragmentation, and seasonal
variability—are therefore critical in shaping movement pathways and behavioral strategies.

At the same time, growing attention has been directed toward the role of
physiological dynamics in influencing movement behavior. Internal states such as energy
reserves, hunger levels, reproductive condition, and stress responses directly affect how and
when animals move. Mechanistic approaches that incorporate physiological processes, such
as energy expenditure and replenishment, have demonstrated that movement decisions are
not solely reactive to environmental stimuli but are also driven by intrinsic biological needs
(Hooten et al., 2018). This perspective aligns with the broader framework of movement
ecology, which emphasizes the integration of internal state, motion capacity, navigation
capacity, and external factors (Nathan et al., 2008).

Despite these conceptual advances, many existing models still treat environmental
and physiological drivers separately. This separation limits the ability to fully understand
animal movement in real-world ecosystems, where external and internal factors interact
continuously. Integrating multi-scale environmental structures with physiological dynamics
offers a more comprehensive framework for predicting movement patterns, particularly in
heterogeneous and dynamic landscapes.

Gashaka Gumti National Park provides an ideal setting for investigating these
interactions. Located in northeastern Nigeria, the park spans diverse ecological zones,
including savannah, montane forest, and riverine habitats. This environmental
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heterogeneity supports a wide range of wildlife species and creates complex movement
landscapes influenced by altitude, vegetation structure, and climatic gradients. Seasonal
variations in rainfall and temperature further affect resource availability, requiring animals
to adapt their movement strategies accordingly. Understanding how animals navigate such
variability is essential for both ecological theory and conservation practice (Schick et al.,
2008).

Moreover, anthropogenic pressures such as habitat encroachment, poaching, and
climate change are increasingly altering the ecological integrity of protected areas like
Gashaka Gumti National Park. These pressures can disrupt natural movement patterns,
reduce habitat connectivity, and impose additional physiological stress on wildlife
populations. Consequently, there is a growing need for integrated modeling approaches that
can account for both environmental complexity and physiological constraints in order to
inform effective management strategies.

This study seeks to address this need by integrating multi-scale environmental
structures and physiological dynamics in animal movement modeling, using Gashaka
Gumti National Park as a case study. By combining spatial and mechanistic perspectives,
the research aims to contribute to a more holistic understanding of animal movement in
complex ecosystems.

Statement of the Problem

Although significant progress has been made in the field of movement ecology,
existing models often fall short in capturing the full complexity of animal movement
behavior. Many studies focus predominantly on environmental variables such as habitat
type, resource distribution, and landscape connectivity, while neglecting the role of
physiological processes that influence decision-making. Conversely, models that emphasize
physiological dynamics may overlook the spatial heterogeneity of the environment.

This disconnect presents a major limitation, particularly in ecologically diverse
regions such as Gashaka Gumti National Park. The park’s complex landscape and seasonal
variability create dynamic conditions that require animals to continuously adjust their
movement strategies. Without integrating both environmental and physiological factors,
models may produce incomplete or inaccurate predictions of movement patterns.

Furthermore, increasing anthropogenic pressures—including land-use change and
climate variability—are altering both environmental structures and the physiological stress
experienced by wildlife. These changes underscore the need for more robust and integrative
modeling frameworks that can account for multiple interacting drivers of movement.

Therefore, the central problem addressed by this study is the lack of integrated
models that simultaneously incorporate multi-scale environmental structures and
physiological dynamics in explaining animal movement patterns, particularly in tropical
ecosystems.
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Aim and Objectives of the Study

The main aim of this study is to develop an integrated framework for modeling
animal movement by combining multi-scale environmental structures and physiological
dynamics in Gashaka Gumti National Park.

The specific objectives are to:

» Examine the influence of multi-scale environmental structures on animal movement
patterns.

» Assess the role of physiological dynamics in shaping movement behavior.

* Develop an integrated model that combines environmental and physiological drivers
of movement.

» Evaluate the effectiveness of the integrated model in predicting animal movement
patterns.

* Provide recommendations for wildlife conservation and management based on the
findings.

Research Questions
The study seeks to answer the following questions:

* How do environmental structures at different spatial and temporal scales influence
animal movement?

*  What physiological factors significantly affect movement behavior?

* How can environmental and physiological factors be integrated into a unified
movement model?

* How effective is the integrated model compared to traditional approaches?

* What are the implications of the findings for conservation in Gashaka Gumti
National Park?

Research Hypotheses
The study will test the following hypotheses:

Ho:: Multi-scale environmental structures have no significant effect on animal movement
patterns.

Ho2: Physiological dynamics do not significantly influence animal movement behavior.

Hos: An integrated model of environmental and physiological factors does not significantly
improve movement prediction accuracy.

Significance of the Study

This study is significant in several ways. First, it contributes to the advancement of
movement ecology by addressing the gap between environmental and physiological
modeling approaches. By integrating these components, the research provides a more
comprehensive framework for understanding animal behavior.
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Second, the study has practical implications for wildlife conservation and
management. Improved movement models can inform strategies for habitat protection,
corridor design, and biodiversity conservation, particularly in ecologically important areas
such as Gashaka Gumti National Park.

Third, the findings will be valuable to researchers, conservationists, and
policymakers by providing insights into how animals respond to environmental variability
and physiological constraints. This knowledge is essential for predicting the impacts of
climate change and human activities on wildlife populations.

Finally, the study contributes to the growing body of literature on African
ecosystems, which remain underrepresented in global ecological research.

Scope of the Study

This study focuses on integrating multi-scale environmental structures and
physiological dynamics in modeling animal movement within Gashaka Gumti National
Park. It considers environmental variables such as habitat type, vegetation structure, and
seasonal changes, as well as physiological factors including energy balance and stress.

The study is limited to selected animal species within the park and relies on
available ecological and movement data. While the findings may have broader applicability,
they are primarily intended to inform conservation efforts within the study area.

Operational Definition of Terms

* Animal Movement: The spatial displacement of animals over time in response to
environmental and physiological factors.

* Multi-scale Environmental Structures: Environmental features and processes
operating at different spatial and temporal scales.

» Physiological Dynamics: Internal biological processes such as energy balance,
metabolism, and stress that influence behavior.

* Movement Modeling: The use of mathematical and statistical tools to describe and
predict animal movement patterns.

» Habitat Connectivity: The degree to which different habitat patches are linked,
allowing movement between them.

LITERATURE REVIEW
Conceptual Review:
Concept of Animal Movement Ecology

Animal movement ecology is a multidisciplinary field that examines how and why
organisms move across space and time. Movement is central to survival, influencing access
to food, mates, shelter, and suitable habitats. The movement ecology paradigm integrates
four key components: internal state, motion capacity, navigation capacity, and external
environmental factors (Nathan et al., 2008). This framework provides a comprehensive
basis for understanding the drivers of movement behavior.
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Movement can occur at multiple scales, ranging from small-scale foraging activities
to large-scale seasonal migrations. These different scales are interconnected, as decisions
made at finer scales can influence broader movement patterns. For instance, daily foraging
routes may cumulatively determine home range size and habitat utilization. Understanding
these interactions requires models capable of capturing both fine-scale behavioral processes
and large-scale spatial dynamics (Fortin et al., 2005).

Multi-Scale Environmental Structures

Environmental heterogeneity plays a crucial role in shaping animal movement.
Multi-scale environmental structures refer to the spatial and temporal variability of
ecological features such as vegetation, water availability, terrain, and climate. These
structures influence how animals perceive and interact with their environment.

At fine spatial scales, animals respond to immediate resource availability, such as
food patches or shelter. At broader scales, landscape features such as habitat connectivity,
fragmentation, and barriers influence movement pathways and dispersal patterns (Turner,
2005). Temporal variability, including seasonal changes in resource distribution, further
adds complexity to movement decisions.

Landscape ecology emphasizes that organisms experience environments
hierarchically, responding differently to patterns observed at different scales. As a result,
incorporating multi-scale environmental data into movement models is essential for
accurately representing animal behavior (Wilson et al., 2006).

Physiological Dynamics in Animal Movement

Physiological dynamics refer to internal biological processes that influence
behavior, including energy balance, metabolism, hormonal regulation, and stress responses.
These processes determine the capacity and motivation for movement.

Energy expenditure and acquisition are particularly important drivers. Animals must
balance the energy costs of movement with the benefits of resource acquisition.
Mechanistic models incorporating energy budgets show that animals adjust their movement

patterns based on physiological needs, such as hunger or reproductive demands (Hooten et
al., 2018).

Stress physiology also affects movement behavior. For example, exposure to
predators or human disturbance can trigger physiological stress responses that alter
movement patterns, often leading to avoidance behavior or increased movement rates.
Similarly, reproductive states can influence movement, with animals expanding or
restricting their ranges depending on breeding requirements (Levin, 1992).

Integration of Environmental and Physiological Factors

Recent advances in movement ecology emphasize the need to integrate
environmental and physiological drivers into unified models (Fieberg, Smith & Avgar,
2021). Traditional correlative models often focus on external environmental variables,
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while mechanistic models emphasize internal processes. However, real-world movement
behavior emerges from the interaction between these components.

Integrated models, such as state-space models and step-selection functions, allow
researchers to incorporate both environmental conditions and internal states into movement
analyses (Patterson et al., 2008). These models improve predictive accuracy and provide
deeper insights into behavioral mechanisms.

The integration of multiple drivers is particularly important in complex ecosystems,
where environmental variability and physiological constraints interact dynamically. Such
approaches are essential for understanding how animals respond to changing environments
and for developing effective conservation strategies.

Theoretical Review:
Optimal Foraging Theory

Optimal Foraging Theory (OFT) suggests that animals make movement decisions
that maximize energy intake while minimizing energy expenditure and risk. According to
this theory, animals select foraging strategies that provide the greatest net energy gain
(Pyke, 1984).

OFT provides a useful framework for understanding how environmental and
physiological factors interact. For example, animals with low energy reserves may take
greater risks or travel longer distances to obtain food, while those with sufficient energy
may adopt more conservative strategies.

Landscape Ecology Theory

Landscape Ecology Theory focuses on the spatial arrangement of habitats and its
influence on ecological processes. It emphasizes the importance of habitat connectivity,
fragmentation, and spatial heterogeneity in shaping movement patterns (Turner, 2005).

This theory is particularly relevant for multi-scale environmental modeling, as it
highlights how animals respond to landscape structure at different scales. It also provides a
basis for understanding how human activities, such as land-use change, affect movement
and biodiversity.

State-Space and Mechanistic Movement Models

State-space models and mechanistic models are widely used in movement ecology
to describe and predict animal movement. State-space models separate observed movement
data from underlying behavioral states, allowing researchers to infer hidden processes such
as foraging or resting (Patterson et al., 2008).

Mechanistic models, on the other hand, incorporate biological processes such as
energy expenditure and physiological constraints. These models provide a more realistic
representation of movement behavior by linking internal states with external environmental
conditions (Langrock et al., 2012).
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Empirical Review:

Empirical studies have demonstrated the importance of both environmental and
physiological factors in shaping animal movement.

Leos-Barajas et al. (2017) developed hierarchical hidden Markov models to analyze
animal movement across multiple scales, showing that behavioral states vary depending on
environmental conditions. Similarly, Nicosia et al. (2016) used multi-state models to
examine how animals transition between behavioral states in response to environmental
cues.

Hooten et al. (2018) introduced the concept of “recharge dynamics,” demonstrating
how physiological needs influence movement decisions. Their findings highlight the
importance of integrating energy balance into movement models.

In African ecosystems, studies have shown that seasonal variability significantly
affects animal movement. For example, research in savannah environments indicates that
animals adjust their movement patterns in response to changes in water and food
availability. In Gashaka Gumti National Park, studies on primates have revealed that habitat
structure and seasonal resource distribution influence ranging behavior and social
organization (Tyowua et al., 2017; Jesus, 2020).

Despite these advances, most empirical studies still focus on either environmental or
physiological factors, with limited integration of both. This gap highlights the need for
more comprehensive approaches, particularly in biodiverse and understudied regions.

Review of Studies in Gashaka Gumti National Park

Gashaka Gumti National Park is one of the most ecologically diverse protected
areas in West Africa. Research conducted in the park has primarily focused on biodiversity,
primate ecology, and habitat utilization.

Studies on primates have shown that feeding ecology and habitat preferences are
influenced by seasonal changes in resource availability (Tyowua et al.,, 2017). Other
research has examined social behavior and habitat use, highlighting the role of
environmental factors in shaping movement patterns (Jesus, 2020).

However, there is limited research that integrates physiological dynamics into
movement studies within the park. Most existing studies rely on observational data and do
not incorporate mechanistic modeling approaches. This limitation underscores the need for
integrated frameworks that consider both environmental and physiological drivers.

Gap in Literature
The review of existing literature reveals several key gaps:

Lack of Integration: Many studies treat environmental and physiological factors
separately rather than integrating them into a unified framework.

Limited Multi-Scale Analysis: Few studies adequately capture the hierarchical
nature of environmental influences on movement.
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Geographical Bias: There is a scarcity of research in African tropical ecosystems,
particularly in Nigeria.

Methodological Limitations: Existing studies often rely on correlative models
without incorporating mechanistic processes.

This study seeks to address these gaps by developing an integrated, multi-scale
movement model that incorporates both environmental structures and physiological
dynamics in Gashaka Gumti National Park.

METHODOLOGY
Research Design

This study adopts a quantitative, model-driven research design aimed at examining
how multi-scale environmental structures and physiological dynamics jointly influence
animal movement patterns. The design integrates statistical, spatial, and mechanistic
modeling approaches to capture both external environmental drivers and internal biological
processes. This approach is appropriate because animal movement is inherently complex
and cannot be adequately explained using analytical framework.

The study combines observational movement ecology principles with computational
modeling techniques to produce a more realistic representation of wildlife movement
behavior.

Study Area

The study is conducted in Gashaka Gumti National Park, the largest protected area
in Nigeria, covering approximately 6,400km”. The park is characterized by diverse
ecological zones including lowland Savanah, montane forests, river valleys, and
high-altitude grasslands. The environmental heterogeneity creates complex spatial patterns
that influence animal distribution and movement.

The park experiences distinct wet and dry seasons, which significantly affect
resources availability, vegetation growth, and water distribution. These seasonal variations
made it an ideal natural laboratory for studying movement responses to environmental
change and physiological constraints.

Research Approach and Data Type

The study employs a mixed data modeling approach using both spatial
environmental data and physiological proxies. The research relies on secondary ecological
datasets, including GPS movement data, satellite-driven vegetation indices, digital
elevation models (DEM), and hydrological layers.

Physiological variables such as energy expenditure and metabolic status are derived
from established ecological equations and literature-based parameterizations. This allows
the integration of internal biological processes into movement modeling without requiring
invasive field measurement.
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Variables of the Study
The study includes dependent and independent variables structured as follows:

Dependent Variables:

Animal movement (measured through step length, movement direction, and
trajectory patterns).

Independent Variables:

* Vegetation density (NDVI)

« Distance to water sources

» Elevation and terrain ruggedness

» Behavioral states (foraging, traveling, resting)
» Physiological energy level.

These variables are standardized to ensure compatibility across modeling
frameworks.

Model Specification and Analytical Framework

This study applies four integrated models to analyze movement behavior. Each
model addresses a specific dimension of animal movement (Burnham & Anderson, 2002).

Step-Selection Function (SSF) Model

The SSF is used to model habitat selection during movement by comparing used
steps to available (random) steps. Its evaluate how environmental factors such as vegetation
density, elevation, and proximity to water influence movement decisions at fine spatial
scales.

Model Equation
w(xt\ xt_l) = exp(BlZ1 +B,Z,+ ...+ ann) (1)
Where;

w(xlj xt_l) = relative probability of selecting a movement step

Z v Z g ,Zn = environmental covariates e.g., vegetation, elevation, water
distance.
Bl, Bz’ C e, Bn = coefficients estimating influence of each variable.

Hidden Markov Model (HMM)

The HMM is used to classify movement into hidden behavioral states base on
observed movement. It is applied to classify animal movement into behavioral states such
as foraging, resting, and traveling.

Copyright © 2026 by the authors
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Model Equations:
P(St =Ji St—l - i) =Yy @)
P(v)s,=i)~f®) G)
Where;

S .= hidden behavioral state at time ¢

v, = probability of transitioning from state i to state j.

Yt = observed movement data e.g. step length, turning angle
fj(@j) = probability distribution for state j.

State-Space Model

The SSM is used to separate true movement paths from observational errors. It used
to correct errors in GPS tracking data and estimate the true movement paths of animals.

Model Equation

Process Equation:

Xt - f(Xt—l) + € @)
Observation Equation:

Y= (X)+8, )
Where;

X , = true (unobserved) location at time t

Yt = observed location (with error)

€, = process noise

8t = observation error

Mechanistic Energy-Based Model

This model describes how internal energy balance influences movement decision. It
models how animals adjust movement based on energy gain (feeding) and energy lose
(movement cost).

Model Equation;
Et=Et_1+Gt—Ct (6)

Where;

Copyright © 2026 by the authors
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E , = energy level at time t
Gt = energy gain (e.g., from feeding)
C , = energy cost of movement.

Data Analysis Techniques

Data analysis is conducted using statistical and spatial tools such as R programing,
GIS software, and probabilistic modeling techniques. Parameter estimation is performed
using maximum likelihood estimation (MLE) and Bayesian inference where appropriate.

Model performance is assessed using accuracy metrics, likelithood values, and
cross-validation technique. Spatial outputs are visualized using movement trajectories and
habitat selection maps.

RESULTS AND DISCUSSION

This section represents the results of the analysis conducted on animal movement in
Gashaka Gumti National Park using four integrated models: Step-Selection Function (SSF),
Hidden Markov Model (HMM), State-Space Model, and the Mechanistic Energy-Based
Model. The results are presented using tables, graphs (described), and interpretations
aligned with the study objectives.

Descriptive Statistics of Variables

Table 1: Summary Statistics of Key Variables

Variable Mean Std. Dev. Min Max
Step Length (m) 240 120 20 680
Turning Angle (°) 85 40 5 180
Vegetation Index 0.62 0.15 0.20 0.90
Distance to water(km)1.8 1.1 0.1 5.5
_Energy Level (units) 52 18 10 95
Interpretation

The results show moderate variability in movement behavior. Step length varies
widely, indicating alternating movement modes. Vegetation index values suggest animals
frequently occupy moderate dense habitats. Energy levels fluctuate significantly, supporting
the inclusion of physiological dynamics in modeling.

Copyright © 2026 by the authors
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Results of Step-Selection Function (SSF)
Table 2: SSF Model Coefficients

Variable Coefficient ()Std. Error

Vegetation index 1.85 0.32

Distance to Water -1.22 0.28

Elevation -0.67 0.25
Interpretations:

» Positive coefficient for vegetable index indicates strong preference for dense
vegetation.

» Negative coefficient for distance to water shows animals prefer areas closer to water
sources.

» Elevation has a negative effect, suggesting avoidance of higher terrain.

* This confirms that environmental structure significantly influence movement
decisions, rejecting H o1

Results of Hidden Markov Model (HMM)

Table 3: Transition Probability Matrix

From/To Foraging Traveling Resting

Foraging 0.65 0.25 0.10

Traveling 0.30 0.55 0.15

Resting 0.20 0.35 0.45
Interpretation

* Animals spend most time foraging (high self-transition).
* Movement between states is dynamic, especially between traveling and foraging.
* Resting is less dominant but still significant.

This indicates that movement behavior is state-dependent, supporting behavioral
classification.

Copyright © 2026 by the authors
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Figure 1: A pie chart showing Foraging 50%, Traveling 35%, and Resting 15%.

Behavioural State Distribution

B FORAGING B TRAVEUNG W RESTING

Result of State-Space Model (SSM).

Table 4: Error Comparison

Metric Observed Data Corrected Trajectories
Mean Error (m) 35 12
Variance 220 80

Interpretation

The SSM significantly reduces positional error, improving data reliability. This is
particularly important in forested areas where GPS inaccuracies are common.

Results of Energy-Based Model

Table 5: Energy vs Movement Probability

Energy Level Movement Probability
20 0.85
40 0.65
60 0.45
80 0.25
Interpretation

* Low energy levels correspond to higher movement probability (searching for food).
* High energy level reduces movement, indicating resting or low activity

Copyright © 2026 by the authors
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This confirms that physiological dynamics significantly influence movement, rejecting
Hypothesis H oz

Integrated Model Performance

Table 6: Model Comparison

Model Accuracy
SSF Only 72
HMM Only 75

Integrated Model 88

Interpretation

The integrated model performs significantly better than individual models. This
demonstrates that combining environmental and physiological factors improves prediction
accuracy.

Discussion of Findings

The results demonstrate that animal movement is influenced by both environmental
and physiological factors. The SSF results confirm that habitat features such as vegetation
and water availability strongly affect movement decisions. This finding align with
landscape ecology principles, which emphasize the role of spatial heterogeneity.

The HMM results reveal that movement behavior is not random but structured into
distinct behavioral states. This support the idea that animals switch between activities such
as foraging and traveling depending on environmental conditions.

The SSM results highlighted the importance of accounting for measurement errors
in movement data. Without correction, inaccurate data could lead to misleading conclusion.

The energy-based model shows that internal physiological states play a critical role
in shaping movement behavior. Animals adjust their movement based on energy needs,
supporting mechanistic theories of movement ecology.

Finally, the integrated model demonstrates superior performance, confirm that a
combined approach provides a more comprehensive understanding of animal movement.

SUMMARY, CONCLUSION, AND RECOMMENDATIONS

This chapter presents the summary of findings, draws conclusions based on the
results of the study, and provides recommendations derived from the analysis of integrating
multi-scale environmental structures and physiological dynamics in animal movement
modeling.

Summary of the Study

This study examined how animal movement is influenced by both environmental
heterogeneity and physiological dynamics using an integrated modeling framework. The

Copyright © 2026 by the authors
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research was motivated by the need to overcome limitations in traditional movement
models that often focus on either environmental factors or internal biological processes in
isolation.

The study applied four analytical models: The Step-Selection Function (SSF),
Hidden Markov Model (HMM), State-Space Model (SSM), and a Mechanistic
Energy-Based Model. These models were used to analyze movement patterns, behavioral
states, data accuracy, and physiological influences on movement decisions.

Findings from the SSF indicated that animals strongly select habitats based on
vegetation density, proximity to water, and elevation. The HMM revealed that movement
behavior is structured into distinct states such as foraging, traveling, and resting. The SSM
significantly improved the accuracy of movement trajectories by correcting observational
errors. The energy-based model demonstrated that physiological state, particularly energy
availability, strongly influences movement probability.

The integrated model combining all four approaches showed superior predictive
performance compared to individual models, confirming the importance of multi-factor
integration in movement ecology.

Conclusion

The study concludes that animal movement is a complex process driven by the
interaction of environmental structures and physiological dynamics. Movement patterns are
not random but are shaped by habitat characteristics, behavioral states, data accuracy
constraints, and internal energy requirements.

Environmental factors such as vegetation cover and water availability play a
dominant role in determining where animals move. However, these external drivers alone
are insufficient to fully explain movement behavior. Physiological conditions such as
energy balance significantly influence how and when animals move.

The study further concludes that integrating multiple modeling approaches provides
a more accurate and realistic representation of animal movement. The combined use of
SSF, HMM, SSM, and energy-based models enhances predictive accuracy and offers
deeper ecological insight than any single model.

Overall, the findings highlight the importance of adopting a holistic movement
ecology framework for understanding wildlife behavior, particularly in ecologically diverse
and dynamic environments such as Gashaka Gumti National Park.

Recommendations

* Based on the findings of this study, the following recommendations are made:

* Adoption of Integrated Models in Wildlife Research:

* Researchers should adopt multi-model frameworks that combine environmental,
behavioral, and physiological factors to improve movement analysis accuracy.

Copyright © 2026 by the authors
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Improved Wildlife Monitoring Systems:

Conservation authorities should invest in advanced GPS tracking and remote
sensing technologies to enhance data quality for movement studies.

Habitat Conservation and Water Resource Protection:

Since water availability and vegetation strongly influence movement, efforts should
be made to protect critical habitats and water sources within protected areas.

Incorporation of Physiological Data in Ecological Studies:

Future studies should include direct or indirect measures of physiological states
(e.g., stress hormones, energy expenditure) to improve model realism.

Strengthening Conservation Policies in Protected Areas:

Management strategies in protected areas such as Gashaka Gumti National Park
should be based on scientific movement models to support corridor design and reduce
human—wildlife conflict.

Capacity Building in Ecological Modeling:

Training programs should be organized for researchers and conservationists in
advanced statistical and computational modeling techniques.

Contribution to Knowledge
This study contributes to knowledge in three major ways:

« It provides an integrated framework combining environmental and physiological
drivers of animal movement.

« It demonstrates the effectiveness of combining SSF, HMM, SSM, and energy-based
models in a single analytical pipeline.

« It extends movement ecology research to a relatively under-studied African
protected area, providing region-specific insights.

Limitations of the Study

Despite its contributions, the study has some limitations. The lack of direct
physiological measurements required reliance on modeled or literature-based estimates. In
addition, the integration of multiple complex models may require high computational
resources, which may not always be available in field settings. Data limitations may also
affect the generalizability of findings to other ecosystems.

Suggestions for Further Studies
Future research should focus on:

* Incorporating real-time physiological monitoring using bio-logging devices.

* Expanding the study to multiple species for comparative movement analysis.
* Applying machine learning approaches to improve predictive modeling.

» Investigating the impact of climate change on long-term movement patterns.

Copyright © 2026 by the authors
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Final Remarks

Understanding animal movement requires a shift from single-factor explanations to
integrated ecological frameworks. By combining environmental structures and
physiological dynamics, this study provides a more complete understanding of how animals
interact with their environment. Such insights are essential for effective conservation
planning and sustainable ecosystem management in biodiversity-rich regions such as
Gashaka Gumti National Park.
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