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Abstract
Accurate population projection is essential for effective policy-making,

resource allocation, and sustainable development, particularly in regions with
rapid demographic changes such as Taraba State, Nigeria. This study employs
an enhanced logistic model integrated with the Runge-Kutta-Fehlberg (RKF)
method to project the population of Taraba State from 1992 to 2050. The
enhanced model incorporates intrinsic growth rate, carrying capacity, birth
rate, death rate, migration, and resource limitation factors, addressing the
limitations of traditional Malthusian and logistic models. Using demographic
data from the National Population Commission (NPC) and Taraba State
Population Commission, the model was validated against historical population
data, demonstrating high accuracy with minimal error margins. The results
indicate a steady population growth, reaching approximately 8 million by
2050. This study highlights the effectiveness of advanced numerical
techniques in population forecasting and provides valuable insights for
policymakers and urban planners in Nigeria.
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Introduction

Accurate population projection is a
critical tool for policymakers, urban
planners, and researchers in addressing
socio-economic challenges, resource
sustainable

allocation, and

development. In Nigeria, where

population growth rates are among the

highest globally, understanding
demographic trends is essential for
effective  planning and  policy

formulation. Taraba State, located in
northeastern Nigeria, is characterized
by diverse ethnic

groups, rapid

urbanization, and significant
agricultural activities, making it a
region of strategic importance.
However, like many states in Nigeria,
Taraba faces challenges in obtaining

reliable population data due to limited

census exercises and inadequate
demographic modeling techniques
(National Population Commission,
20006).

Traditional  population  projection
methods, such as exponential and

logistic growth models, have been
widely used due to their simplicity and
ease of application. However, these
methods often fail to account for the

dynamic and nonlinear nature of
population growth, particularly in
regions with fluctuating birth and death
rates, migration patterns, and socio-
economic uncertainties (Cohen, 1995).
To address these limitations, advanced
mathematical techniques have been
differential

equations and numerical methods that

proposed, including
provide more robust and accurate
projections. Falola et al (2024) and
George (2020). These complexities
demand advanced modeling techniques
to yield accurate and actionable
forecasts, George (2020). Population
growth modeling has been a central
focus in numerous disciplines, from
ecology and sociology to economics
and urban planning. Understanding how
populations evolve over time is not only
crucial for projecting demographic
trends but also for evaluating the
sustainability of resource use and
informing policy decisions. Effective
population models can serve as tools for
wildlife

urbanization,

managing populations,

forecasting assessing
healthcare needs, and guiding long-term

planning efforts. This study aims to
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enhance population projection for Taraba State, Nigeria, by employing the Runge-
Kutta-Fehlberg method within an improved logistic modeling framework. By
integrating demographic data, socio-economic variables, and environmental
factors, this approach seeks to provide a more accurate and reliable projection of
Taraba State's population trends. The findings of this research will contribute to
the growing body of literature on advanced population modeling techniques and
offer valuable insights for policymakers and stakeholders in Nigeria and beyond.

Introduction to Taraba State

Taraba State, located in northeastern Nigeria, was established in 1991 from the
former Gongola State. With its capital in Jalingo, the state spans approximately
54,473 square kilometers, making it the third-largest state in Nigeria. It comprises
16 Local Government Areas (LGAs), each contributing to the state’s agricultural,
trade, and industrial sectors. Taraba’s diverse ecological zones, ranging from the
Mambilla Plateau to riverine areas, provide fertile land for a variety of crops and
livestock, making agriculture a cornerstone of its economy.

The state shares borders with six Nigerian states Bauchi, Gombe, Adamawa,
Benue, Plateau, and Nasarawa and an international boundary with Cameroon to the
southeast. This strategic location influences cross-border trade and migration
patterns, which are critical factors in population dynamics. Taraba’s topography is
marked by the Mambilla Plateau, Nigeria’s highest plateau, which rises to about
1,800 meters above sea level. Known for its cool climate and lush greenery, the
plateau supports dairy farming, tea production, and tourism, further enhancing the
state’s economic profile.

Major rivers, including the Benue and Taraba Rivers, traverse the state, providing
water for irrigation, fishing, and transportation. These fertile river valleys sustain
farming communities and enable intensive agriculture. The state’s economy is
predominantly agrarian, with staples like maize, millet, rice, and sorghum grown
in lowland areas, alongside cash crops such as groundnuts, sesame, yams, and
cassava. These agricultural activities are bolstered by local government efforts to
improve infrastructure and promote sustainable resource use.

In recent decades, Taraba State has experienced steady population growth, driven
by natural increase and migration. Rural-to-urban migration, particularly to
Jalingo, has intensified due to economic opportunities, while challenges such as
limited healthcare access, economic disparities, and educational gaps have
influenced fertility and mortality rates. These demographic shifts underscore the
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need for accurate population projections to guide urban planning, resource
allocation, and economic development strategies.

Understanding Taraba’s population dynamics is essential for addressing its unique
challenges and leveraging its agricultural and ecological strengths. By integrating
demographic trends with sustainable resource management, the state can foster
resilience and long-term development. This study aims to enhance population
projection for Taraba State using the Runge-Kutta-Fehlberg (RKF) method within
an enhanced logistic modeling framework, providing a robust tool for
policymakers and stakeholders.

The Importance of Population Forecasting

Population forecasting is a critical tool for informed policy-making, resource
allocation, and sustainable development. In Nigeria, the National Population
Commission (NPC) is tasked with conducting a national census every ten years, in
line with United Nations recommendations and international standards (United
Nations, 2015). However, Nigeria's census exercises have historically faced
significant challenges, including political manipulation, inadequate funding, and a
lack of political will (Akanni, 2020). These issues have been exacerbated by past
controversies, such as regional rivalries and riots, which have undermined the
credibility and accuracy of census data (Afolayan, 2018). Despite these challenges,
accurate population forecasting remains essential for estimating Nigeria's
population and planning for future needs.

For Taraba State, accurate population forecasting is particularly crucial to ensure
that infrastructure, resources, and services align with the needs of its growing
population. Since its creation in 1991, Taraba State has relied on census data from
1991 and 2006, which recorded populations of 1,512,163 and 2,294,800,
respectively (National Population Commission, 2006). However, the absence of
more recent census data has created a gap in understanding the state's demographic
trends. As noted by Samson and Shikaa (2023), the Taraba State Population
Commission has only provided population statistics up to 2019, highlighting the
need for advanced forecasting methods to project the population from 2007 to
2050.

Population forecasting models play a vital role in anticipating future demands,
particularly in rapidly growing urban areas. By providing reliable projections, these
models enable policymakers to plan effectively for infrastructure development,
healthcare, education, and other essential services (Okafor, 2019). In Taraba State,
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where agriculture is a key economic driver, accurate forecasting can also support
sustainable resource management and agricultural planning (Eze, 2021).
Furthermore, understanding population trends is essential for addressing
challenges such as rural-to-urban migration, economic disparities, and
environmental sustainability (Adepoju, 2020).

The Malthusian (1798) Growth Model and the Introduction of the Logistic
Growth Model by Verhulst (1838)

The Malthusian growth model, proposed by Thomas Robert Malthus in 1798, is
one of the earliest and simplest mathematical models of population dynamics. It
assumes that population growth occurs exponentially, driven by a constant growth
rate. The model is based on the premise that resources, such as food and space,
increase arithmetically, while populations grow geometrically, leading to a
potential imbalance between population size and resource availability (Malthus,
1798). The Malthusian model is expressed mathematically as:

dp
E =7rP . (1)
where P represents the population size and r the intrinsic growth rate. The solution

to this differential equation is:
P(t) = Pye™ (2)

where P, is the initial population size. While the Malthusian model provides a
useful starting point for understanding population growth, its assumption of
unlimited resources makes it less realistic for long-term projections, particularly in
resource-constrained environments.

To address the limitations of the Malthusian model, Pierre Frangois Verhulst
introduced the logistic growth model in 1838. This model incorporates the concept
of carrying capacity (K), which represents the maximum population size that an
environment can sustain indefinitely. The logistic model assumes that population
growth slows as the population approaches the carrying capacity due to limited
resources, competition, and other constraints (Verhulst, 1838). The logistic growth
equation is given by:

dp P
where K represents the carrying capacity of the environment. The solution to the
logistic equation is:
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KPge™t

P(t) = (K+Py(eTt-1))

(4)

This S-shaped curve, known as the sigmoid curve, describes how populations grow
rapidly at first and then slow down as they approach the carrying capacity. The
logistic model is more realistic than the Malthusian model, as it accounts for
environmental constraints and resource limitations.

Applications of Malthusian and Logistics Models

Both models have been widely applied in population studies, but their suitability
depends on the context. The Malthusian model is useful for short-term projections
in populations with abundant resources, while the logistic model is better suited for
long-term projections in resource-limited environments (Murray, 2020). However,
the logistic model has its limitations, particularly in its assumption of a constant
carrying capacity and growth rate, which may not hold true in dynamic
environments influenced by factors such as migration, policy changes, and socio-
economic shifts (Turchin, 2003).

Model Assumptions, Derivations, and Applications

The Malthusian and logistic growth models are foundational in population
dynamics, with their assumptions, derivations, and applications extensively
documented in works by Murray (2020), May (2001), Turchin (2003), Shamsul
(2024), Pierre (2022), and Gomez and Michael (2022). These studies provide
detailed insights into the mathematical foundations, real-world applications, and
limitations of these models. The Malthusian model assumes exponential growth,
while the logistic model incorporates a carrying capacity to reflect resource
limitations, making it more realistic for population studies (Verhulst, 1838).
Recent advancements have employed numerical techniques to enhance the
predictive accuracy of these models. For instance, Mohammad et al. (2023) utilized
a 6th Order Runge-Kutta (RK) method to solve population equations and forecast
Bangladesh's future population. Similarly, Syarfiah et al. (2024) applied the
Runge-Kutta Fehlberg (RKF) method to predict population growth in Sulbar,
Madagascar, using logistic models. Their findings highlighted the RKF method's
accuracy and minimal error margins, demonstrating its effectiveness in modeling
complex population dynamics.
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Recent Advancements and Extensions

Recent studies have extended the logistic model to improve its accuracy and
applicability. For example, Morales et al. (2023) adapted the logistic model to
study multi-species dynamics, while Windarto and Utami (2018) modified it to
simulate poultry population growth, achieving higher accuracy than traditional
models

Chusnul et al. (2024) compared the performance of the 4th Order Runge-Kutta
(RK4) and Adams-Bashforth-Moulton (ABM4) methods on logistic equations,
concluding that RK4 provided better alignment with actual population data. In
Nigeria, Ekakitie and Ekereke (2019) applied a sensitivity model based on
Malthusian theory to assess long-term population growth, identifying key factors
such as carrying capacity and sensitivity coefficients that influence demographic
trends.

The logistic growth model has undergone significant refinements to improve its
predictive accuracy. Lan and Yanqiu (2020) incorporated harvest dynamics to
better predict fish populations, resulting in a model with enhanced real-world
applicability. Mukesh and Ashish (2021) tailored the logistic model to India’s
unique population characteristics, while Graham (2007) introduced stochastic
elements to account for random variations, offering a more nuanced understanding
of population dynamics.

In Nigeria, studies by Nasir and Ibinayin (2020) and Samson and Shikaa (2023)
compared Malthusian, geometric, hyperbolic, and logistic models for population
projections in Nasarawa and Taraba states. Their findings revealed that the logistic
model outperformed others in accuracy and error minimization. These studies
emphasized the need to incorporate additional variables, such as migration, policy
changes, and socioeconomic factors, to further enhance the model's reliability.

Future Directions and Research Gaps

Despite their robustness, Malthusian and logistic models face limitations,
particularly in uncertainty analysis, as highlighted by Samson and Shikaa (2023)
in their study of Taraba State's population. Future research should focus on
integrating socioeconomic influences, migration patterns, and policy changes into
logistic equations to improve their accuracy and applicability. Additionally,
advanced numerical methods, such as the Runge-Kutta-Fehlberg (RKF) technique,
should be further explored to address the dynamic and nonlinear nature of
population growth.
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By addressing these gaps, population forecasting models can provide more reliable
projections, supporting sustainable development and informed policy-making in
regions like Taraba State, Nigeria.

Methodology: Enhanced Logistic Model and Numerical Simulation

This study employs an enhanced logistic population model to address the
limitations of traditional approaches, specifically the Malthusian and classic
logistic models. While the Malthusian model assumes continuous exponential
growth without considering environmental constraints, the classic logistic
model incorporates a carrying capacity but relies on fixed growth rates and a stable
carrying capacity. These limitations restrict their ability to model complex
population dynamics, particularly in contexts with fluctuating birth rates, death
rates, migration, and resource limitations.

To refine predictions, the paper propose an enhanced logistic model that
incorporates factors like birth rate (b), death rate (d), migration (m), and resource
limitations (L), alongside intrinsic growth rate (1) and carrying capacity (K) from
the traditional logistic model. This allows for a more nuanced understanding of
population change, especially in environments where these variables significantly
influence demographic trends. The primary objective is to perform a numerical
simulation on the enhanced logistic model. This refined approach improves long-
term predictive accuracy and enhances the model’s applicability to sectors such as
ecology, urban planning, and resource management.

The Enhance Logistics Model

Let P(t) represent the population size at time t, r the intrinsic growth rate (natural
potential for population increase in the absence of limiting factors), K the carrying
capacity (maximum sustainable population size the environment can
support), b the birth rate (contributing positively to population growth), d the death
rate (reducing population size over time), m the migration rate (net impact of
people moving into or out of the population), and L the resource limitation factor
(representing constraints imposed by limited resources such as food, water, or
space). The enhanced logistic model is defined by the following differential
equation:

ap

K
dt:rP(l—;)+bP—dP+mP—L 0
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The first term, rP (1 —g), represents the classical logistic growth, where

population growth initially increases exponentially but slows as it approaches the
carrying capacity K. The additional terms bP, —dP, mP, and -L account
for birth rates, death rates, migration, and resource limitations, respectively. This
enhanced model provides a more realistic framework for studying population
dynamics in environments where these factors significantly impact demographic
trends.

Numerical Simulation Using the Runge-Kutta-Fehlberg (RKF) Method

The complexity of the enhanced logistic model, which includes multiple nonlinear
terms, makes it extremely challenging to solve analytically. Nonlinear differential
equations, such as the one in Equation (5), are typically solved using numerical
methods. The Runge-Kutta-Fehlberg (RKF) method, a widely used numerical
technique, is employed in this study to approximate solutions over time. The RKF
method is well-suited for solving nonlinear and complex systems where analytical
solutions are not feasible.

The (RKF) method involves calculating six slopes (kq, ko, k3, k4, ks, k¢ ) to update
the population at each time step. Its adaptive step-size control ensures high
accuracy and efficiency, making it well-suited for modeling population dynamics
under varying conditions. The numerical solution enables the simulation of
different scenarios, providing valuable insights into the model’s behavior based on
initial population size and parameter values.

With its adaptive step-size mechanism, the RKF method is particularly effective
for modeling dynamic systems such as population growth in Taraba State, Nigeria.
By adjusting step sizes based on accuracy requirements, it efficiently handles
fluctuating demographic factors, including birth rates, death rates, migration, and
resource constraints.

Below are the RKF schemes of order 4 and 5, respectively:

4% order scheme:

25
Piy1 = P +2_16 k4 +ﬁ

1408 2197

1
k3'FZIEIk4 _'EkS e (6)

5% order scheme
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PN 16 6656 28,561 9 2
Pi+1 = Pi+Ek1+12,825 3 56,430k4_5k5 +£k6 (7)
Where
ki = hf(t;, P), (8)
1 1
ky = hf(ti+30 P +3k) )
3 3 9
ks = hf(ti+3nP +22k +2ky) (10)
12 1932 7200 7296
k4 - hf(ti+gh’Pi+Ek1_Ek2 +Ek3) (11)
439 3680 845
ks = hf(ti+ B P+ Toky = 8ky + o kg ——ky ). (12)
1 8 3544 1859 11
kg = hf(tl- t IR P = Sk 2k — ke Tk — )(13)
Data Collection

The study utilized demographic data from the National Population Commission
(NPC) of Nigeria, including census data from 1991 and 2006, as well as population
estimates from 2007 to 2022 provided by the Taraba State Population Commission.
Additional data on socio-economic factors, migration patterns, and resource
availability were collected from government NPC population projection 2022

reports and academic studies.

Table 1. Taraba State Population Census 1991,2006 and projections from 2007 —

2022

Year Population
1991 1,512,163
2006 2,294,800
2007 2,360,112
2008 2,428,624
2009 2,500,644
2010 2,576,092
2011 2,654,897
2012 2,736,961
2013 2,822,424
2014 2,907,564
2015 2,992,417
2016 3,076,898
2017 3,160,982
2018 3,245,094
2019 3,331,885
2020 3,421,510
2021 3,514,117
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2022 3,609,843
Source: National Population Commission Projection, 2022
Logistic Model Fit for Population Data

4e+06 T T T . ;
‘ ® Data

Logistic Fit

3.5e+06 |

3e+06 |

Population

2.5e+06

2e+06 r

1.5e+06 : : : : : :
1890 1995 2000 2005 2010 2015 2020 2025

Year
Fig. 1. Logistic fitted population of raw data for Taraba State

Parameters Estimation
To accurately obtained the parameters for population projection, proper procedures
needs to be followed. In this paper, the carrying capacity can be estimated using a
MATLAB codes on logistics model of fig. 1 above; but for the remaining
parameters, the average values from Nigerian National Population Commission
Projection 2022 for Taraba state is used.
From the data obtained from Nigerian National Population Commission Projection
2022; Taraba state averages from 2007 — 2022, we have

Taraba State area = 54,473 km?

Population at 1991 (initial population) P, = 1,512,163 people

Population density ~ 42 people/km?

Population rate of change =~ 2.7925% or r = 0.027925

Estimated carrying capacity from the graph K ~ 151,500,169 people

Average crude birth rate b = 41.749375/1000 = 0.041749375

Average crude death rate d = 13.29/1000 = 0.01329

Net immigration rate m =~ —0.29/1000 = —0.00029

Resource limitation factor L = 7.08

Application to Taraba State Population Dynamics
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The RKF method is applied to the enhanced logistic model to project the population
of Taraba State from 1992 to 2050. The model incorporates historical data on birth
rates, death rates, migration, and resource limitations, providing a comprehensive
framework for understanding population trends. The adaptive step-size control of
the RKF method ensures accurate predictions, even in the presence of fluctuating
demographic factors. To achieve this MATLAB programming is used with the
following simulation steps:

Step 1: Define the Enhanced Logistic Model
The enhanced logistic model is defined by the differential equation in (5). In
MATLAB, this equation is implemented as a function f (¢, P).

Step 2: Initialize Parameters
i.  Set the initial population P(¢ty) to the 1991 census figure for Taraba
State: P(ty) = 1,512,163.
ii.  Define the parameters r, K, b, d, m, and L based on historical data and
demographic studies, (see parameters in section (3.4) above) .
ii.  Set the initial step size h for the RKF method.

Step 3: Calculate the Slopes
The RKF method involves calculating six slopes ( kq, k,, k3, k4, ks and kg)
defined in equations (8) — (13).

Step 4: Compute Population for the Next Time Step
Using the calculated slopes, update the population for the next time step using the

RKF method defined in equation (6) as
1408 2197

25 1
Py = P + o0k 455k + g ke —5ks

Additionally, compute an error estimate to adjust the step size h for the next

iteration

1 128 2197
Error = —k; — 3 —
360 4275 75240

ks + ks + = ke
Step 5: Implement the RKF Method in MATLAB
i.  Write a MATLAB script to implement the RKF method, incorporating the
equations above.
ii. ~ Use a loop to iterate over the desired time period (60 years), updating the
population and adjusting the step size based on the error estimate.

Step 6: Run the Simulation
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i.  Execute the MATLAB script to simulate the population growth of Taraba
State over 60 years.
ii.  Store the population predictions at each time step for analysis and
visualization.
Step 7: Visualize Results
i.  Plot the population predictions over time to visualize the growth trend.
ii.  Generate tables summarizing the population projections for key years (e.g.,
every 10 years).
ii.  Include error analysis to validate the accuracy of the model.

Step 8: Validate the Model
i.  Compare the model's predictions with historical population data (e.g., 2006
census and estimates from 2007 to 2022) to assess its accuracy.
ii.  Visualize the population predictions by plotting graph and tables

Presentation of Results and graph

Following the successful Numerical simulations using a RKF methods in an
enhanced population model and using the step 1 to 8 above, the following results
1s obtained.

Table 2: Projected Taraba State Population from 2007 to 2050

Year NPC, 2022 Projected Population using RKF45 Error (%)
1991 1,512,163 1,512,163 -

2006 2,294,800 2,307,200 0.54%
2007 2,360,112 2,370,400 0.44%
2008 2,428,624 2,434,400 0.24%
2009 2,500,644 2,508,400 0.31%
2010 2,576,092 2,582,200 0.24%
2011 2,654,897 2,655,200 0.01%
2012 2,736,961 2,732,900 -0.15%
2013 2,822,424 2,813,400 -0.32%
2014 2,907,564 2,893,300 -0.49%
2015 2,992,417 2,973,800 -0.62%
2016 3,076,898 3,061,500 -0.50%
2017 3,160,982 3,147,000 -0.44%
2018 3,245,094 3,237,600 -0.23%
2019 3,331,885 3,331,500 -0.01%
2020 3,421,510 3,426,400 0.14%
2021 3,514,117 3,517,400 0.09%
2022 3,609,843 3,614,100 0.12%
2025 3,938,900

2030 4,540,600

2035 5,218,200
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2040 6,011,100
2045 6,930,500
2050 7,967,700
Population Growth using Improve Logistics Model and RKF45

8e+06 . . . . .

Population Estimate

7e+06

B6e+06

5e+06 |

Population

2e+06

1e+06 ' ' ' ' '
1990 2000 2010 2020 2030 2040 2050

Years
Fig. 2: Population projection for Taraba State from (1992 to 2050) using Runge-

Kutta Fehlberg method RKF45 and Enhanced population model proposed.
(Simulation in MATLAB)

Results and Discussions

The enhanced logistic model, combined with the RKF method, accurately
projected Taraba State's population from 1991 to 2050. The model's predictions
closely matched historical data, with an average error margin of less than 1% for
the period 2007-2022. By 2050, Taraba State's population is projected to
reach 7,967,700, reflecting a steady growth rate influenced by birth rates,
migration, and resource limitations. The RKF method demonstrated high
computational efficiency and adaptability, making it suitable for modeling
complex population dynamics.

The enhanced logistic model outperformed traditional models by incorporating
additional factors such as migration, birth rates, death rates, and resource
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limitations. This allowed for a more nuanced understanding of population
dynamics in Taraba State. The results align with global trends of urbanization and
rural-to-urban migration, particularly in developing regions. The projected
population growth underscores the need for sustainable resource management and
infrastructure development in Taraba State. The study's findings are consistent with
previous research on population modeling, such as Morales et al. (2023) and
Syarfiah et al. (2024), which also highlighted the effectiveness of advanced
numerical methods in demographic forecasting. The model's sensitivity to
parameters such as carrying capacity and migration rates emphasizes the
importance of accurate data collection and parameter estimation for reliable
projections.

Recommendations

1. Policy Implications: The projected population growth highlights the need
for targeted policies in healthcare, education, and infrastructure to
accommodate Taraba State's growing population.

2. Data Collection: Improved data collection mechanisms, including regular
censuses and demographic surveys, are essential for refining population
models and ensuring accurate projections.

3. Resource Management: Sustainable resource management strategies
should be implemented to address the challenges posed by population
growth, particularly in agriculture and water resources.

4. Urban Planning: Urban areas such as Jalingo should be prioritized for
infrastructure development to manage rural-to-urban migration effectively.

5. Further Research: Future studies should explore the integration of socio-
economic factors, climate change, and policy interventions into population
models to enhance their predictive accuracy.

Conclusion

This study successfully applied an enhanced logistic model and the Runge-Kutta-
Fehlberg (RKF) method to project the population of Taraba State, Nigeria, from
1991 to 2050. The model's incorporation of intrinsic growth rate, carrying capacity,
birth rate, death rate, migration, and resource limitation factors provided a robust
framework for understanding complex population dynamics. The results indicate a
steady population growth, reaching approximately 7.8 million by 2050, with high
accuracy in matching historical data. The study underscores the importance of
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advanced numerical techniques in demographic modeling and offers valuable
insights for policymakers and stakeholders in Nigeria. By addressing the
challenges of population growth through sustainable development and informed
policy-making, Taraba State can achieve long-term resilience and prosperity.
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