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Migration routes, Climate change, habitat fragmentation, and human activities are progressively posing a threat to the
Energy biodiversity of migration paths of large mammals. The proposed research combines the models of
expenditure, energetic landscapes to achieve the prediction of the changes in the migration pathways of species,
GPS  telemetry, including African elephants and mule deer, utilizing the GPS telemetry data. The model is able to
Climate change, measure the energy cost of movement in different habitats by taking environmental factors into
Wildlife account, such as terrain, weather, and availability of forage, and forecast future changes in migration
conservation, under climate conditions (RCP 4.5 and RCP 8.5). The model has been tested through the cross-
Habitat validation method and has been effective in predicting 85% overlap with observed paths of migration.
fragmentation, The expected changes imply that there will be a 15 % increase in the northward migration routes by
Energetic 2030-2050, which will be mainly caused by the diminishing of forage and the heat stress. The paper
landscape also reveals the major energy hotspots, including the rivers and cities, which are migration obstacles.
Models. The implication of these findings is enormous in the conservation of wildlife, especially in the

restoration of migration patterns, as well as the design of dynamic protected areas that respond to
changing climatic conditions of the future. Although the model has been found to have great potential,
some limitations include the mismatch of scales and collar biases. Future studies in the area ought to
strive to work on the data accuracy, model further by adding more species, and have long-term climate
projections to enhance the ability of the model.
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Introduction

The migration patterns of several large
mammals, such as the African elephants, are
undergoing profound changes because of various
human and environmental pressures
(Valderrama-Zafra et al., 2024). The changing
weather patterns due to climate change are
causing unpredictability in the availability of
forage and drastic variations in temperatures
(Karpagam, 2025). Isolation further pushes the
populations isolated because of agricultural
development, urbanization, and infrastructural
which habitat

advancement, causes

fragmentation. Human-made obstacles,
including roads, fences, and settlements, further
complicate the problem because prevent the
movement and introduce new energy expenses
for the animals trying to cross these obstacles

(Lennox et al., 2023).

According to recent research, these combined

pressures are causing ungulates (and in
particular) to make changes of up to 20-30 % in
their routes. These changes are not only due to
direct human activity, but also associated with a
rise in energy expenditure in a warped
environment (Klappstein et al., 2022). Migratory
species have to use a greater amount of energy to
navigate  through the environment of
fragmentation or foreignness, and this may result
in ineffective pathways and increased travel
durations, which may have implications for
survival and  reproductive  achievement
(Buderman et al., 2025) (Cappello et al., 2025;
Secor et al., 2025). Knowledge of the energetic
costs of these new patterns of migration is needed

to predict the future behavioral changes as a
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result of further environmental changes (John et

al., 2024).

The present research proposes an original
approach to the combination of energetic
landscape models (ELMs) and GPS telemetry
data to forecast the changes in the migration
routes (Berti et al., 2022; Day et al., 2025; Prima
et al., 2024). ELMs were shown to work well in
assessing the energy used when animals are in
motion, especially regarding the nature of the
terrain, weather, and the density of vegetation
cover. Using ELMs together with GPS tracking,
which provides very fine resolution of real-time
data on the movements of the animals, the study
constructs a dynamic model that can be used to
simulate possible changes in migration in
response to climate and habitat changes (Heit et
al., 2023). Because it addresses both the
ecological costs and behavioral reactions of big
mammals in their adaptation to new
environmental conditions, this approach creates a

critical gap in migration studies (Flack et al.,

2022; Naidoo et al., 2025).
Study Objectives

The primary objectives of this study are
threefold:

e [t aims to build up a predictive model that

merges ELMs and GPS telemetry

information to provide a robust
framework for predicting the change in
migration routes in reaction to a range of
environmental  variables, such as
availability of habitats, forage quality, and

climate.



e The cross-validation of the model
predictions will be done with empirical
GPS information of a large number of
people over a few years. This is done to
make sure that the outputs of the model
imply the real movement behaviors and
the observed patterns of migration within
the field.

e With climate projections (RCP 4.5 and
8.5) in hand, the research project will
simulate the key future migration

involving multiple species, taking into

account changes in climate (temperature,
forage, and habitat) forecasts. The
purpose of this simulation is to evaluate
how migration can change in various

climate change conditions.
Species and Context

The migratory species under consideration in
the study are the African elephants and the mule
deer; these two species are significant in the
health and biodiversity of the ecosystem
(Mukomberanwa et al., 2025). The reason behind
the choice of these species is that have long-
distance migration modes and are vulnerable to
environmental changes. Regions to be studied in
the research will include the Serengeti-Mara
ecosystem in the East of Africa (of the elephants),
and the Western part of the United States (of the
mule deer), which are being subjected to severe
ecological stressors, some of which consist of
climate change, land-use change, and human-

wildlife conflict (Darlington et al., 2022).

The research also helps in the general
conservation of wildlife by offering new

information on how the large mammals will cope
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with the changes in their habitats due to climate
change (Mills et al., 2025). The results are
supposed to inform conservation management
practices like the wildlife corridor design,
restoration of fragmented landscapes, and
introduction of adaptive wildlife management
policies, which consider future environmental
changes (Bassing et al., 2024; Padr¢ et al., 2025).
Through the predictive model, the study is also a
tool for making real-time decisions, enabling
conservationists and policymakers to predict and
manage the outcomes of changes in migration
routes in large mammals, which can eventually

ensure their survival in an ever-changing world

(Shuert et al., 2022).

The present paper will combine energetic
landscape models (ELMs) with GPS telemetry
data to forecast migration route modifications in
large mammals, including African elephants and
mule deer, as a result of climate change and
habitat fragmentation. Section I brings forth the
effects of climate change and human
impediments on migration patterns. Section II
presents the development of GPS telemetry and
energy spending, and the use to estimate the
migration changes in climate conditions (RCP
4.5 and RCP 8.5). The overlap of observed and
predicted migration routes in section III 85% and
a predicted 15% northward movement by 2050
due to a forage decline and heat stress is
demonstrated. Section IV interprets these
findings with a view to highlighting the fact that
the model can be used in advising the wildlife
conservation plans, including the restoration of
and

corridors adaptive management. It is

proposed in Section V that the model leads to



important insights into future migration changes,
and future studies should aim at enhancing the
accuracy of data, extending the model into more
species, and predicting species with greater

precision and use in conservation.
Materials And Methods

This part describes the specific methodology
of setting up the integrated model that would be
comprised of merging energetic landscape
models (ELMs) and GPS telemetry data in
predicting migration route changes in large
mammals. This process has a number of
necessary steps, starting with data collection and
ending with integration of the models, and is
aimed at making the model reliable and
predictive. The analysis is founded on the
empirical data of GPS, which is obtained during
the fieldwork over several years, the data of the
environment and climate, and employs the
improved methods of the model to analyze and

forecast the movement pattern.
GPS Telemetry Data

The initial procedure in constructing the
model is the gathering of GPS telemetry
information, which gives the movement paths of

the megafauna throughout time. In this study,
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GPS collars were placed on more than 50

individual animals of two major species,
including African elephants and the mule deer.
These collars had GPS machines that tracked the
locations of animals over a time span of 1 to 6
hours. The period of the telemetry data is
between 2015 and 2025, and guarantees that it
has complete data to analyze the migration

pattern on a seasonal basis and long-term.
Data Preprocessing

Preprocessing of the GPS data is done to
remove the noise and outliers, and the further
analysis will be accurate. This will involve the
elimination of incorrect location points due to
interference of GPS signals or the collar
malfunction. Once the dataset is cleaned, the
difference between successive steps taken by the
GPS points is computed, and this can be used to
measure the velocity of movement and the
amount of energy used during every part of the
journey of the legs. Preprocessing of the data is
conducted with the help of the R package move,
which provides the measure of distances, length
of the steps, and additionally, the data is filtered
according to the animal movement patterns (e.g.,

stationary and migratory periods).

Table 1: GPS Telemetry Data

Parameter Value
Number of Animals 50+
Study Species African Elephants, Mule Deer
Data Collection Period 2015-2025
GPS Fix Interval 1-6 hours

Number of GPS Fixes per Year

Data Preprocessing Tool

4,000+ per animal
move R package

Table 1 includes the main facts about GPS
telemetry that have been used in the study. It

contains the number of animals followed, the
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species followed, the study time, and the rate of

fixes on GPS. The dataset will be critical in



learning the migration patterns of large mammals

in various seasons and years.

Landscape Modelling Energetic

Landscape

The energetic landscape models (ELMs) are
used to measure the energy expenses of animals
moving between different habitats. In this model,
various factors that affect the amount of energy
consumed in the process of migration are
considered, including the terrain type, weather,
and availability of forage. The Digital Elevation
Models (DEMs) are employed to take into
consideration the topography of the landscape,
such as the change in elevation, which influences
the amount of energy needed to travel across

various terrains.

e Land Cover- NDVI (Normalized difference
vegetation index) and the MODIS data are
utilized to cover vegetation types, which

affect the availability of forage and shelter.
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e Weather Data: In case of the mule deer
populations in the western United States,
will use the Day met dataset, which is a daily
climatic dataset (temperature, precipitation),
to explain the seasonal variation of the
environmental conditions. In the case of the
African elephants within the Serengeti-
Mara ecosystem, gridded climate products
such as CHIRPS precipitation and the ERAS
temperature reanalyses take the form of a
representation of local weather and long-

term climatic trends.

The energy expenditure is estimated using the

allometric equation 1:
E=m-v* (D
Where:
e E=energy expenditure (MJ/km)
e m= animal mass (kg)
e v=velocity (m/s)

e k= terrain factor (dimensionless, varies

based on terrain type)

Table 2: Key Variables for Energetic Landscape Modeling

Variable Description Source
Digital Elevation Model  Terrain elevation, slope, SRTM (Shuttle Radar
(DEM) and aspect Topography Mission)
Land Cover (NDVI, Vegetation type and
MODIS) density MODIS, NDVI Data Products
e Dan - Daly e WA 0T et ot A
iperature, perature CHIRPS/ERAS5 (East Africa)
Precipitation) precipitation
Allometric Equation Mass, speed, and terrain Animal physiological studies
Parameters factors

Table 2 describes the main variables applied
to the energetic landscape model, which include
the sources of data on the terrain elevation
(DEM), land cover (NDVI, MODIS), climate
data (Daymet), and the parameters of the

allometric equation. The variables are essential in
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determining the amount of energy that was used
by large mammals as they traveled across

habitats and climate conditions.



Integration And Forecasting of the Model

A combination of GPS telemetry
measurements with energetic landscape models
is brought about by the step-selection functions
(SSF) and integrated step-selection analysis
(iSSA) that is carried out by the amt R package.
The modeling of animal movement can be done
using these statistical methods to choose steps (or
segments of movement) that will fit best on the
energetic landscape cost surfaces and find
habitats that use minimum energy to optimize

migration paths.

Animal movement is simulated with random
forests, which is a machine learning method that

includes the covariates on the habitat (e.g.,

110°W
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vegetation type, slope, temperature) to predict
migration paths. These paths are then modelled
across various climate conditions (RCP 4.5 and
RCP 8.5) to make predictions on the manner in
which the migration patterns may vary in the
future as the temperatures rise, precipitation

patterns change, and the availability of forage.

The model applies climate data from CMIP6
climate models to forecast the consequences of
future climate conditions on the suitability of
habitats and energy expenses. The possible future
paths are then obtained by extrapolating the
change of climate and habitat on the cost surfaces
and subsequently on the most probable migration
routes.
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Figure 1: Study Area Map

The geographic region of the study, as
indicated in Figure 1, was the migration
pathways of the large mammals, especially in the
mountainous West of the United States. The map
has provided the key places like Wyoming,
Montana, and Idaho, underlining the existing and
potential migration implementations in two

climate conditions (RCP 4.5 and RCP 8.5). There
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is also the display of energy cost zones, where
migration can be costly in terms of energy. The
map is necessary to understand the spatial area of
the study and the regions that suffer as a result of

climate change.
Results

This part contains the research results of the

study and states the results of the integration of



GPS telemetry data and models of energetic
landscapes to predict the changes in the migration
routes of large mammals. The findings are given
in terms of existing migration pathways, energy
cost hotspots, future climate simulated migration
changes, and the confirmation of the model
predictions. The section describes meaningful
outputs and presents the significant findings with

the help of visuals in the form of figures and
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Current Migration Routes

The former group of findings is concerned
with comparing the existing migration pathways
of large mammals (African elephants and mule
deer) with the paths of least cost as forecasted by
the energetic models of landscapes. GPS tracks
of the animals were plotted and compared with
the predictions of the model to determine

alignment of routes.

tables.
Table 3: Comparison of Actual and Predicted Migration Routes
Parameter Actual Migration Predicted Least-Cost Overlap
Routes Paths (%)
Afrlciﬁleghams 3,500 km 3.450 km 87%
Mule Deer (n=30) 1,200 km 1,150 km 82%
Overall 4,700 km 4,600 km 85%

On the whole, the model was able to forecast
85 % of the observed migration patterns, which
proves the efficiency of combining the data on
energy expenditure with real-time movement

tracking.

Table 3 proposes a comparison of actual data
of the migration routes tracked by GPS with the
least-cost migration routes predicted by the
energetic landscape model. The value of the
overlap percentage indicates the similarity of the

model with the real migration routes.
Energy Hotspots

The energetic landscape model also found
significant energy hotspots in the migration
tracks. These are locations where migration is
dynamically expensive because of such factors as
steep slope, thick vegetation, or human structures
(e.g., roads or cities). The model has disclosed
that the barriers were most prominent along

rivers and urban edges, with an average energy
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cost of 2.5 MJ/km to cross the rivers and urban

edges.
Projected Changes in Migration Patterns

The second group of outcomes looks at the
way migration routes will be altered in the future
climate conditions (RCP 4.5 and RCP 8.5) in the
next 30 years (2030-2050). Predicted changes
indicate that the mean latitude of the centroid
migration points will grow by 15% compared to
the historical control by 2030-2050 due to forage
loss and heat stress. Specifically, regions that
used to be abundant in forage will be less
favorable, and, as a result, the animals will have
to change their routes to find more appropriate

areas.

Table 4 is a summary of the predicted
migration changes in two climate scenarios,
namely RCP 4.5 and RCP 8.5. It displays the
expected percentage of northward migration,

forage loss, and the total migration dispersal of



the migration pathways of large mammals by
2030-2050. Predicted Northward Shift is the

percentage change in the central latitude of the
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migration centroid relative to the 2015 baseline

period of 2025.

Table 4: Forecasted Changes in Migration Routes (2030-2050)

Climate Predicted Northward Forage Decline Migration Deviation
Scenario Shift (%) (%)
RCP 4.5 10% 20% 12%
RCP 8.5 15% 30% 20%
Model Validation of 0.92, which means there is great predictive

The validation was conducted to determine
how the model predicted the correctness of the

predictions made. The findings include an AUC

accuracy. The Bhattacharyya coefficient or the
overlap of the routes between predicted and
actual migration paths was 0.85, which once

again validated the use of the model.

Table 5: Model Validation Results

Metric

Value

AUC (Area Under Curve) 0.92
Bhattacharyya Coefficient  0.85
Route Deviation (%) 15%

Table 5 presents the validation measures to
determine the predictive performance of the
migration model in terms of AUC, Bhattacharyya
coefficient, and route deviation. Large amounts
of AUC and Bhattacharyya coefficient imply

good model performance.
Discussion

The combination of energetic landscape
models with GPS telemetry played a significant
role in predicting the path of migration in large
mammals. The model was also effective in
forecasting 85% similarity with the existing
migration tracks by adding energy spending
information and real-time tracking of movement.
This method showed that migration routes are
better predicted considering environmental
factors like terrain, weather, and availability of
forage as compared to the traditional models that

use GPS only. The energy hotspots were also
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found in rivers and urban edges, which enhance
energy consumption and migration barriers,
which helps prove the previous results of the
effect of environmental stressors on animal

movement.

findings are consistent with the literature in
the area of climate-driven changes in wildlife
migration, such as those discussed in the UNEP
reports. The postulated 15% northward migration
route changes during the climate conditions
(RCP 4.5 and RCP 8.5) are in line with other
studies indicating that species are shifting
towards higher latitudes and altitudes due to the
rise in temperatures. These changes are due to the
loss of forage and heat stress, which show the
urgent necessity to use adaptive management
techniques that will take into account future

environmental conditions.



Significant conservation implications can be
made in this model. This can be used to define
the cost areas of high energy by determining the
areas where wildlife corridors can be restored and
informing the development of the dynamic
regions of protection that respond to the
migratory emphasis change. Moreover, real-time
migration tracking provides the possibility of
adaptive management when conservationists can
react to the changes in migration patterns and
energy stress in a proactive manner, so that
animals can be supplied with appropriate

habitats.

Although it has strengths, the study has
weaknesses, including the lack of scale matches
between GPS information and environmental
information, and the possibility of collar bias in
the number of times the animal is moving. Also,
there is uncertainty in controlling the climate
projections that have been used in the model,
since actual climatic conditions could vary from
the projected ones. These constraints indicate that
the model requires further development, such as
additional data collection and subsequent follow-
up, to enhance the predictive ability of the model
and its relevance to larger conservation
initiatives.

Conclusions

This paper has effectively combined the
energetic landscape models and GPS telemetry to
forecast the changes in the migration routes of the
large mammals, which provides a more dynamic
and precise perspective on how climate change
and habitat variations affect the movement of the
wildlife. The model offers a practical framework

for locating the most critical energy hotspots,
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predicting migratory deviations, and estimating
the impact of such environmental stressors as
forage decline and heat stress on migratory
behavior. According to the findings, one can
assume that the large mammals will tend to
change the routes in the presence of climate
change, and the migration patterns may shift up
to 15% far north, especially when the climatic
conditions become more aggressive (RCP 8.5).
GPS tracking in real-time, as well as energy
spending, is very promising in the conservation
of wildlife. Real-time tracking of animals also
creates an opportunity to implement the adaptive
management technique; in fact, conservationists
will be able to react much faster to alterations in
animal movement and ensure the absence of

barriers to their movement.

Nevertheless, the paper recognizes major

weaknesses, such as data  resolution
discrepancies, possible collar biasing, and the
inability to predict future climatic conditions.
Nonetheless, the research offers an essential
contribution to the existing body of research in
the area of wildlife ecology and climate change
adaptation, as well as improves the perspectives
of further investigation and conservation
strategies. Future development ought to be more
species-specific and geographically broad,
enhance the population of data in order to make
more precise predictions, and include climate
data over extended periods of time to further
improve predictions on migrations. Integration of
genetic data might also serve to inform the
potential impacts of variation in migration

patterns, genetic diversity, and resilience of



wildlife populations on more effective and

informed conservation approaches.
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