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Abstract

:

Since the droughts of the 1970s–1980s, populations in the Sahel region have opted for a mass exodus to more humid urban or rural centers. Migrations or exoduses have accelerated in recent decades due to environmental degradation and unfavorable climatic conditions. Insufficient harvests are the main reason for migration for the majority of migrants in the Sahelian areas. Migration is a major adaptation strategy to cope with extreme climatic conditions, thus requiring quantification in the destination area. The aim of this paper is to propose a metapopulation model to approximate reality by identifying the transition from one socioeconomic vulnerability group to another, from a less favorable area to favorable area in terms of natural resources, depending on the strategies, policies, and climate variability. The model was used to analyze the dynamics of socioeconomic vulnerability to study the impact of migration on the dynamics of socioeconomic vulnerability. The developed mathematical model was analyzed. Up to 2050, simulations applied to the Tougou village in northern Burkina Faso show that migration has a positive impact on the socioeconomic vulnerability of the destination area, thereby reducing the vulnerability of the population by 10% when resources are increased by up to 30%.
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1. Introduction


The Sahel region is characterized by economic, social, environmental, and political challenges that impact population movements. The movement of a person or group of people, either between countries or within a country between two locations (villages, towns, etc.), is viewed as migration [1]. Migrants’ destinations depend on a number of factors, such as climate change, conflicts, job seeking, economic reasons, etc. Depending on the reasons, migration may be periodic or permanent [2].



Well-planned and well-managed migration policies are one of the Sustainable Development Goals (SDGs). Indeed, target 10.7 of the goal aims to “reduce inequalities within and between countries” and makes central reference to migration, wherein it calls for “orderly, safe, regular and responsible migration and mobility, especially through the implementation of well-managed and planned migration policies” [3]. In the early 21st century, the volume of human mobility worldwide has reached an unprecedented level (around 258 million people, representing 3.4% of the world’s population, 48% of whom are women), as evidenced by the various migratory movements currently taking place throughout Latin America, Europe, and the Middle and Near East [4].



Africa, particularly Sub-Saharan Africa, has experienced significant migratory movements. Whether voluntary or forced, these movements are deeply rooted in the previous history of the continent [5,6]. Migration is viewed as an adaptation strategy to climate change in the Sahel region [7]. Indeed, populations move to areas to reduce their socioeconomic vulnerability. Major population movements are taking place from the northern regions of the Sahel towards the south and coastal countries. Sahelian migrants move to rural or urban areas in their own countries or abroad. The host areas are coastal countries, mainly Côte d’Ivoire—because of its cocoa plantations—Nigeria, and Ghana—which is a former host country whose recent prosperity is once again attracting Sahelians [8]. Intracountry migration affects less populated rural areas with higher rainfall, such as Casamance and the new lands of Senegal, as well as the cotton-growing areas of southern Burkina Faso and Mali [9].



The causes of population migration in the Sahel are numerous, complex, and often result from the interaction of economic, environmental, political, and social factors. Studies have shown that inhabitants of drier regions are more likely to engage in temporary and permanent migration to other rural areas than those in wetter regions [10]. Short-term rainfall deficits tend to increase the risk of long-term migration to rural areas and decrease the risk of short-term migration to distant destinations [10]. High demographic pressure on natural resources is considered to be the major cause of migration in the Sahel [11,12,13]. The unfriendly climate is progressively pushing Sahelians towards the rainier south [9,14,15,16]. From the literature review, we note that extreme poverty and political instability increase migration to more peaceful areas where employment opportunities are high [17]. The increasing frequency and severity of climate-related disasters such as floods and droughts can lead to more permanent migration over time. Urbanization can bring about migratory movements from the countryside to the cities [18].



Based on the causes of migration, we define the types of migration as follows: (i) economic migration, which involves the movement of people in search of better economic opportunities; (ii) forced migration, which is due to conflict and insecurity; (iii) climatic migration, which is associated with the movement of populations in response to increasingly difficult environmental conditions such as the loss of agricultural land or water scarcity; (iv) seasonal migration, which generally involves nomadic herders who migrate with their flocks/herds according to the seasons to gain access to suitable pastures and water resources; (v) rural–urban migration, which is related to the process of growing urbanization in search of jobs, education, and better living conditions; (vi) return migration, which occurs after having worked or lived abroad or in other parts of the country, where some migrants choose to return to their region of origin; (vii) crossborder migration, which is recurrent and occurs between countries in the subregion for economic, climatic, or cultural reasons; and (viii) mixed migration, which involves a combination of motives, such as job seeking, escaping from conflict, etc. [19,20,21,22,23].



Assessing the impact of migration on the socioeconomic vulnerability of the Sahelian population often requires a variety of models and methodologies to understand and predict migration trends. The various models that are commonly used to assess migration in the Sahel region include the following: (i) gravity models, which are based on the theory of economic gravity and assess migration flows on the basis of the size and distance between sending and receiving regions/departing and host regions; (ii) regression models, which use independent variables, such as income, education, employment, and other socioeconomic factors to predict the probability/likelihood of migration; (iii) simulation models, which simulate the impacts of various factors, including climate change or migration patterns over time; (iv) GIS (geographic information system)-based models, which are used to map migration trends by using geographic data to visualize population movements; (v) scenario models, which are used to explore different possible migration trajectories under different socioeconomic and environmental scenarios; (vi) integrated models, which combine several approaches to assess migration in the Sahel; they often integrate elements such as demographic, economic, environmental, and political data to provide a more comprehensive overview of migration trends; and (vii) social network models, which focus on the social and family networks that influence migration decisions [24,25,26,27,28,29,30]. Among these models, we have not encountered in the literature a mathematical model of the metapopulation type that takes into account the migration of populations from a less-resourced area to a more-resourced one to assess the socioeconomic vulnerability of the destination area.



This model is based on the model developed in [31], which has already taken into account the socioeconomic vulnerability dynamics of Sahelian populations, without integrating the migration between zones. Migration plays a key role in adaptation strategies to climate variability, and the metapopulation model will quantify the impact of migration in an area with favorable natural resource conditions.



In the literature, there several definitions of the metapopulation, which generally depend on the nature of the movements between localities (subpopulation or patches). These models have been developed to model the spatiotemporal dynamics of communicable diseases (see [32,33,34,35,36]). A metapopulation model involves explicit movements of individuals between different localities.



Section 2 presents the socioeconomic and climatic data used to simulate the model. Section 3 formulates the metapopulation model, whereas Section 4 and Section 5 deal respectively with the existence, the uniqueness of the solution of the nonlinear differential equation system formulated, and the determination of the basic reproduction number followed by the stability. As for the penultimate Section 6, it examines the results of simulations that will allow us to see the impact of migration applied to two zones, one of which is favorable in terms of resources and the other unfavorable in terms of resources. Finally, the last Section 7 represents the conclusion of our study.




2. Data


Four socioeconomic surveys were carried out among the heads of households in Tougou. Tougou is a village located in the northern region of Burkina Faso, specifically within the province of Yatenga (see Figure 1). These surveys took place after the harvest in the village in 2004, 2006, 2008, and 2010. The same households were surveyed in all four (04) years. These households were randomly selected from all of the village’s neighborhoods to ensure a representative sample. Around one hundred (105) heads of household were interviewed using a closed questionnaire out of a total of 300 households in the village of Tougou. The questions concerned demographics, income-generating activities, crop yields, and migration. Tougou is representative of the Sahel in that the activities carried out there are generally the same as those found in the Sahel. These surveys were used to calculate household socioeconomic vulnerability indices and the resources produced by the sampled households.



We chose a CLM climate model produced for the AMMA program by the European Union’s ENSEMBLE-EU project. This regional climate model was run as part of the AMMA program over a window covering the whole of West Africa from 1950 to 2050. We chose this climate model out of the five climate models because we obtained the highest value of   R 2   when we wanted to compare the observed data with simulated data (see Figure 2 in [31]).



We used the food vulnerability index developed by the CILSS. This is the index known as the Virtual Rate of Satisfaction of Grain Needs (VRSGN) [31]. It balances the production and consumption of staple cereals such as millet, sorghum, maize, and rice. It then estimates cash income from activities such as the sale of beans, peanuts, and small ruminants. These sales are converted to cereal equivalents using the highest purchase price during the dry season, which is when producers generally buy food. The CILSS uses this indicator to map the most vulnerable administrative units in the Sahel. A household is said to be Vulnerable when its vulnerability index is between 90% and 110%, More Vulnerable is deemed when its index is below 90%, and Less Vulnerable is deemed when its index is above 110%.



The food vulnerability index was used. However, it should be noted that other components are taken into account in the calculation of the food vulnerability index, because the studied households lived in a predominantly agricultural rural area. The challenge in this area is food security in rural areas. We converted market garden crops, remittances, off-farm activities, etc., into food in the vulnerability index. The CILSS vulnerability index used here is an improved version that we developed in the paper [37]. This conversion shows whether the household could feed its members for a year and if the surplus was used for needs other than food.




3. Formulation of Metapopulation Model


In this section, we will model our problem based on the following definition from the paper [38]: A metapopulation is a graph with vertices called patches. Each patch contains a number of subpopulations that are linked by the migration of subpopulations from one patch to another. Each subpopulation has an explicit dynamic within each patch.



The idea of metapopulation modeling comes from the fact that we want to understand the impact of migration on the socioeconomic dynamics of different groups experiencing socioeconomic vulnerability between a resource-favorable area and a resource-unfavorable area (see Figure 2).



   V i  ,   M i   , and   L i   denote the Vulnerable, More Vulnerable and Less Vulnerable groups, respectively, for each patch i,   i = 1 , ⋯ , n  .



In Figure 2, the patch in red represents the Tougou area and is considered to be an area with fewer natural resources, and some of them will migrate to an area with more natural resources, which is represented in the graph by the patch in green.



We have assumed that the socioeconomic vulnerability groups (   V i  ,   M i   , and   L i  ) are identical from one patch to another, with the same transfer functions between the different patches, based on the model we developed in the article [31]. There is no transition from group L to group M, because the identification of parameters in the article showed a null value.



We have assumed that the only covariate shock is climate in both zones, given the importance of the climate in population migration.



We have assumed that migration is permanent because, in general, when the area is favorable in terms of resources, households bring their families to live there and return from time to time to visit relatives left behind in the village.



We assume that the mathematical forms of the exchanges between the different socioeconomic groups are the same as the previous single-patch model described in [31]. We assume the same assumptions made at the outset for patch i,   i = 1 , ⋯ , n  . Table 1 describes the parameters of the single-patch model, which also remain valid for patch i,   i = 1 , ⋯ , n  . We assume that humans do not change their vulnerability statuses during their journeys. In introducing the indices, we write the model that describes the dynamics of socioeconomic vulnerability for each patch   i = 1 , ⋯ , n   when patch i is not connected to another patch. By performing a mass balance, we obtain the following system:


    {       (1a)          d  V i    d t    =  p i   Λ i  +  (  b i  −  f i   (  N i  )  )   V i  −  (  k   v i   l i    +  k   v i   m i    )   V i  +  k   m i   v i     M i  +  k   l i   v i     L i          (1b)          d  M i    d t    =  ( 1 −  p i  )   Λ i  +  (  b i  −  f i   (  N i  )  )   M i  +  k   l i   m i     (  r i  )   L i  −  (  k   m i   v i    +  k   m i   l i    )   M i  +  k   v i   m i     V i          (1c)          d  L i    d t    =  (  b i  −  f i   (  N i  )  )   L i  +  k   m i   l i     M i  −  (  k   l i   m i    +  k   l i   v i    )   L i  +  k   v i   l i     V i          (1d)          d  R i    d t    =  R i p  −  α i   N i   R i            








where    k  i j    ( R )  =  a  i j   R  ( t )    is the exchange coefficient from high to low vulnerability, and    k  i j    ( R )  =   a  i j    R  ( t )  +  b  i j       is the exchange coefficient from low to high vulnerability.



Table 1 summarizes the model parameters and their descriptions for each patch   i = 1 , ⋯ , n  . The available resources are equal to the resources produced minus the resources consumed or used by the population. In the expression of resources representing the last equation of the system (1d),   R i p   designates the resources produced, and the term   −  α i   N i   R i    designates the use of resources by the population of size   N i   in patch i. As we have no numerical data on the resources consumed, we set   α i   in order to simulate an area that is favorable in terms of resources and an area that is less favorable in terms of resources. To take account of the fact that an area is favorable in terms of resources in our metapopulation-type model, we use the resources available in the area. We now consider that patches are connected by the human migration values (Vulnerable, Very vulnerable, and Less vulnerable). We add the migration terms to the first three equations of the system (1d). Since resources do not move between two distinct patches i and j, they are not affected by the migration terms. We posit    m  i j  π  ,   where   π = V , M , L  , which is the travel rate of humans from a patch i to a patch j for any   i ≠ j   [38].


    {       (2a)           d  V i    d t    =  p i   Λ i  +  (  b i  −  f i   (  N i  )  )   V i  −  (  k   v i   l i    +  k   v i   m i    )   V i  +  k   m i   v i     M i  +  k   l i   v i     L i  +  ∑   j = 1   n   m  j i  V   V j  −  ∑   j = 1   n   m  i j  V   V i           (2b)           d  M i    d t    =  ( 1 −  p i  )   Λ i   + (   b i  −  f i   (  N i  )   M i  +  k   l i   m i     L i  −  (  k   m i   v i    +  k   m i   l i    )   M i  +  k   v i   m i     V i  +  ∑   j = 1   n   m  j i  M   M j  −  ∑   j = 1   n   m  i j  M   M i           (2c)           d  L i    d t    =  (  b i  −  f i   (  N i  )  )   L i  +  k   m i   l i     M i  −  (  k   l i   m i    +  k   l i   v i    )   L i  +  k   v i   l i     V i  +  ∑   j = 1   n     m  j i  L   L j  −  ∑   j = 1   n   m  i j  L   L i           (2d)          d  R i    d t    =  R i p  −  α i   N i   R i            











The initial conditions are the following:    V i   ( 0 )  > 0  ,    M i   ( 0 )  > 0  ,    L i   ( 0 )  ≥ 0  , and    R i   ( 0 )  ≥ 0   for   i = 1 , ⋯ , n  . Adding the first three equations of the system (2) gives the total population size:


     d  N i    d t   =  Λ i  +  b i   N i  −  f i   (  N i  )   N i  +  ∑  π = V , M , L     ∑   j = 1   n   m  j i  π   π j  −  ∑   j = 1   n   m  i j  π   π i     



(3)








4. Existence and Positivity of Solutions


We need to prove that the model is mathematically well posed. Let   Ω =  R  +   ∗ 2 n     and    ( V , P )  t   be a point of  Ω , where   Q = (  V 1  ,  V 2  ,  M 1  ,  M 2  , … ,  V  n − 1   ,  V n  ,  M  n − 1   ,  M n  )  , and   P = (  L 1  ,  L 2  ,  R 1  ,  R 2  , … ,  L  n − 1   ,  L n  ,  R  n − 1   ,  R n  )  . By converting the system (2) into a compact form, we obtain the following:


    {       (4a)       d Q / d t =  Ψ 1   ( V , P )          (4b)       d P / d t =  Ψ 2   ( V , P )            











Theorem 1. 

For any initial condition   ( Q ( 0 ) , P ( 0 ) )   in   Ω ,   the system (2) admits a unique solution   ( Q ( t ) , P ( t ) )  , which is globally defined, that remains in Ω for any time   t ≥ 0  . Moreover, the total population size    N  ( t )  =  ∑   i = 1   n   N i   ( t )     and the total resources    R  ( t )  =  ∑   i = 1   n   R i   ( t )     are bounded for all time   t ≥ 0  .





Proof. 






	
Local existence of the solution:



The function   Ψ : = (  Ψ 1  ,  Ψ 2  )   is a regular of class   C 1   in  Ω ; hence, we have the local existence and uniqueness of the solutions. We have    Ψ 1   ( 0 , P )  > 0   and    Ψ 2   ( Q , 0 )  ≥ 0  . Consequently,  Ω  is positively invariant for the semiflot generated by   Ψ .  



	
Bounded solutions:



Let us show that the solutions are bounded. From Equation (3), we have


  d N / d t =  ∑   i = 1   n   (   Λ i  +  b i   N i  −  f i   (  N i  )   N i  +  ∑   i = 1   n    ∑  π = V , M , L     ∑   j = 1   n   m  j i  π   π j  −  ∑   j = 1   n   m  i j  π   π i     











The expression has a simple calculation:


   ∑   i = 1   n    ∑  π = V , M , L     ∑   j = 1   n   m  i j  π   π j  −  ∑   j = 1   n   m  j i  π   π i    = 0  
















We have shown that


   lim sup  t → ∞    N i   ( t )  ≤  (  b i  −  μ h i  +     (  b i  −  μ h i  )  2  + 4  μ  2 h  i   Λ i    )  /  μ  2 h  i   








in the proof of Theorem 1; therefore,   N  ( t )  =  ∑   i = 1   n   N i   ( t )    is bounded. From that, we obtain the following:


    d  R i    d t   =  R i p  −  α i   N i   R i   








which yields the following inequality:


   ∑   i = 1   n   R i p  −  ∑   i = 1   n   max  1 ≤ i ≤ n    α i   N i   R i  ≤   d  R i    d t   ≤  ∑   i = 1   n   R i p  −  ∑   i = 1   n   min  1 ≤ i ≤ n    α i   N i   R i  .  








  N  ( t )  =  ∑   i = 1   n   N i   ( t )    is bounded in   (  N  I n f   ≤ N ≤  N  S u p   ) .   Therefore, we have the following:


   ∑   i = 1   n   R i p  −  ∑   i = 1   n   max  1 ≤ i ≤ n    α i   N  S u p   R ≤   d R   d t   ≤  ∑   i = 1   n   R i p  −  ∑   i = 1   n   min  1 ≤ i ≤ n    α i   N  I n f   R .  











It follows that for any   t ≥ 0 ,  


  min     ∑   i = 1   n   R i p     max  1 ≤ i ≤ n    {  α i   N  S u p   }    , R  ( 0 )   ≤ R  ( t )  ≤ max     ∑   i = 1   n   R i p     min  1 ≤ i ≤ n    {  α i   N  I n f   }    , R  ( 0 )   .  








□






5. Existence of Vunerability-Free Equilibrium and Basic Reproduction Number


Determination of equilibrium state without migration:



We look for equilibrium of the form   (  L ¯  ,  R ¯  , 0 , 0 )   by setting (  M = 0  ) and (  V = 0  ). If there is no Vulnerable outcome and there is a More Vunerable outcome, that means that there are more resources   (  R ¯  ≠ 0 )  , and the population is Less Vulnerable   (  L ¯  ≠ 0 ) .   It consists of solving the following system:


     0   =     ( b − f  ( L )  )  L −  (  k  l m    ( R )  +  k  l v    ( R )  )  L         0   =    R − α L R         0   =     ( 1 − p )  Γ +  k  l m    ( R )  L         0   =    p Γ +  k  l v    ( R )  L      



(5)







As a result, we obtain


   L ¯  =   b − μ − α Γ   μ 2    



(6)






   R ¯  =    a  l m    ( b − μ − α Γ )     μ 2   ( p − 1 )  Γ   −  b  l m    



(7)







Theorem 2. 

The next generation method provides us with information on the local stability:   (  L ¯  ,  R ¯  , 0 , 0 )   is locally asymptotically stable for    R 0  < 1   when   2   a  v m     R ¯  +  b  v m     +  a  v l    R ¯  < α Γ   and unstable if    R 0  > 1 .  





Proof. 

Our system is written under the following form:


    d X   d t   = F  ( X )  +  V +   ( X )  −  V −   ( X )  ,  



(8)




where   X = ( L , R , M , V )  ,


  F =     0        0          k  l m    ( R )  L +  k  v m    ( R )  V           k  l v    ( R )  L +  k  m v    ( R )  M      ,   V +  =       ( b − f  ( N )  )  L +  k  v l    ( R )  V         R         ( 1 − p ) Γ + ( b − f ( N ) ) M          p Γ + ( b − f ( N ) ) V       










   V −  =      (  k  l m    ( R )  +  k  l v    ( R )  ) L          α ( M + L + V ) R           k  m v    ( R )  M          (  k  v l    ( R )  +  k  v m    ( R )  ) V       











Then, by computing


  F =     0     k  v m    ( R )            k  m v    ( R )     0     ,  V =      α Γ +  k  m v    ( R )     0        0    α Γ −  k  v l    ( R )  −  k  v m    ( R )       ,  



(9)




we deduce


   V  − 1   =      1  α Γ +  k  m v    ( R )      0        0    1  α Γ −  k  v l    ( R )  −  k  v m    ( R )        .  



(10)







The matrix of next generation   K = − F  V  − 1     reads as follows:


  K =     0     −  k  m v    ( R )    α Γ −  k  v l    ( R )  −  k  v m    ( R )             −  k  v m    ( R )    α Γ +  k  m v    ( R )      0     .  



(11)







The reproduction number defined by    R 0  = ρ  ( K )    is equal to


   R 0  =     k  m v    ( R )   k  v m    ( R )     ( α Γ −  k  v l    ( R )  −  k  v m    ( R )  )   ( α Γ +  k  m v    ( R )  )     .  



(12)







The equilibrium is stable if    R 0  < 1  ; that is to say,


  2   a  v m     R ¯  +  b  v m     +  a  v l    R ¯  < α Γ  



(13)




□






6. Results and Simulations


In this section, we simulate two patches connected by human migration. We assume that the mode of passage between compartments (socioeconomic groups) remains the same between the two patches.



For the simulations, we used the parameter values from the Table 2. Considering patch 1 as the unfavorable resource patch and patch 2 as the favorable resource patch, the values for human migration are summarized in the following matrices:    M M  =      m  11  M     m  12  M       m  21  M     m  22  M      =     0    0.07       0.02    0     ,      M V  =  M M    and    M L  =  ( 1 / 100 )   M M  .  



We took a particular form of the elements of the migration matrix. We posed    m  i j  π  =  K  i j  π    (  R j  −  R i  )  +   ,   π = V , M , L  ,   i , j = 1 , ⋯ , n  , and   K  i j    represents the flow of humans going from a patch i to a patch j.


    (  R i  −  R j  )  +  =       R j  −  R i  ,     if   R j  −  R i  > 0        0     otherwise        











In this section, we increased the available resources by   5 %  ,   10 %  ,   15 %  ,   20 %  ,   25 %  , and   30 %   in the favorable patch in terms of resources to see the impact of migration on the dynamics of socioeconomic vulnerability (see Figure 3 and Figure 4 for More Vulnerable group, Figure 5 and Figure 6 for Vulnerable group and Figure 7 and Figure 8 for Less Vulnerable group). Since we have no real data on the favorable resource patch, we used data from Tougou, which is considered here as the unfavorable resource patch, and we increased the resources in the favorable resource patch. We used the same parameters and the same transfer functions between the different compartments for both patches.



Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show that increased resources in a favorable patch would lead to an increase in the number of vulnerable household for the next 50 years, and this growth increases as a function of the increase in resources available in the migrants’ destination area. Logically, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19 and Figure 20 show a decrease in the number of More Vulnerable outcomes over the next 50 years, and Figure 21, Figure 22, Figure 23, Figure 24, Figure 25 and Figure 26 show that the number of Vulnerable outcomes becomes constant when resources are increased. It should be noted that the area considered unfavorable in terms of resources for the simulation was on the whole less vulnerable over the next 50 years. This explains the fact that vulnerability increased slightly over the years compared to the so-called favorable area. This unfavorable area, in terms of resources, is less vulnerable to climate variability, which means that there are resources available in the destination area, thus resulting in a very slight decrease in vulnerability over the next 50 years (see Figure 7) and a very slight increase in vulnerability. We can also see that the evolution of the dynamics of the two groups considered for our simulation follows the same monotonicity at each point in time, because we have considered the same transfer functions in both of the patches. In view of our results, migration remains an option for adapting to climate variability, since it was shown to reduce the vulnerability of rural Sahelians in general by 10%. Migration can be beneficial, but only in the short term. When resources are exhausted in the long term, and local adaptation strategies are unavailable, it will be necessary to consider another destination for migration.



Permanent migration can have a positive impact in terms of socioeconomic vulnerabilities through contributions such as remittances, transnational networking and skills development. It can also have negative impacts, both on the communities of origin and on migrants themselves. Potential negative impacts of permanent migration in the Sahel can include: (i) loss of skilled labor—when individuals leave their region of origin permanently, this can lead to a loss of skilled labor, particularly in the areas of health, education, and agriculture, which are losses that can affect local development; (ii) demographic imbalance—permanent migration can sometimes lead to a demographic imbalance in the regions of origin, leaving a predominance of young and elderly people, while the adult working population emigrates, thus causing repercussions for family and community structures; (iii) the weakening of agricultural systems—in rural areas of the Sahel, permanent migration can weaken agricultural systems by reducing the workforce available for farming activities, which can lead to lower food production and increased food insecurity; (iv) social disintegration—permanent migration can fragment families and communities, as family members are dispersed over long distances, thus affecting social ties and support networks; (v) economic dependence—in some regions, families with permanent migrant members can become dependent on remittances from these migrants, and if these income streams decrease or stop, this can lead to economic hardship for families left behind; and (vi) community tensions—permanent migration can sometimes create tensions within communities, particularly when migrants are financially successful and income disparities emerge between those who have left and those who have stayed behind.



The impacts of permanent migration vary according to specific contexts and can be mitigated by appropriate policies and interventions such as conflict anticipation. With the positive effect of permanent migration shown in this model, there is a risk that migration will increase and create conflict in the destination area. To fully understand the implications of permanent migration in the Sahel, it is essential to take into account these complex aspects and promote balanced development approaches.




7. Conclusions


This work is a follow-up of the work in the paper [31], which describes the socioeconomic vulnerability of rural Sahelians in Tougou, which is a village in northern Burkina Faso. We have integrated interzone migration as an adaptation strategy to climate change. The metapopulation model that we have developed has enabled us to take migration into account, while also considering the dynamics of socioeconomic groups and the strategies for adapting to climate variability up to 2050. We have adopted a metapopulation model to study the dynamics of the socioeconomic vulnerability of rural Sahelians to climate variability in Tougou, thereby taking into account migration with a metapopulation-based model. The latter has been designed for the next 50 years in order to see the impact of migration on the dynamics of socioeconomic vulnerability. We have shown that these models are mathematically well posed, and we have determined the equilibrium points, as well as the stability around these points. Through this model, rural populations will continue to migrate as long as the resources on their land are insufficient, and the results of our simulations show that migration reduces their vulnerability by 10% compared to their area of origin. The model we have developed can be applied to areas other than the Sahel, provided that we know the transfer functions among the different vulnerability groups and those among the different zones. The use of socioeconomic data from 2004 to 2010 does not reflect the current reality of migration, with the advent of terrorism in the Sahel leading to the forced migration of populations.



The type of migration considered in this work is a permanent one occuring within the destination zone. In view of this work, we will carry out a comparative study to understand which of the two types of migration (permanent or seasonal) is beneficial to the populations.
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Figure 1. Location of the study area. 






Figure 1. Location of the study area.
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Figure 2. Interaction between two patches i (unfavourable area in terms of natural resources) and j (favourable area in terms of natural resources). 
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Figure 3. Dynamics of More Vulnerable in the unfavorable resource area (patch 1). 
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Figure 4. Dynamics of More Vulnerable in the favorable resource area (patch 2). 
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Figure 5. Dynamics of Vulnerable in the unfavorable resource area (patch 1). 
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Figure 6. Dynamics of Vulnerable in the favorable resource area (patch 2). 
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Figure 7. Dynamics of Less Vulnerable in the unfavorable resource area (patch 1). 
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Figure 8. Dynamics of Less Vulnerable in the favorable resource area (patch 2). 
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Figure 9. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 5%. 
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Figure 10. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 10%. 
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Figure 11. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 15%. 
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Figure 12. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 20%. 
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Figure 13. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 25%. 






Figure 13. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 25%.



[image: Mathematics 11 04507 g013]







[image: Mathematics 11 04507 g014] 





Figure 14. Dynamics of Less Vulnerable in patches 1 and 2 when resources are increased by 30%. 
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Figure 15. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 5%. 
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Figure 16. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 10%. 
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Figure 17. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 15%. 
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Figure 18. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 20%. 
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Figure 19. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 25%. 






Figure 19. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 25%.
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Figure 20. Dynamics of More Vulnerable in patches 1 and 2 when resources increase by 30%. 
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Figure 21. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 5%. 
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Figure 22. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 10%. 
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Figure 23. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 15%. 
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Figure 24. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 20%. 
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Figure 25. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 25%. 
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Figure 26. Dynamics of Vulnerable in patches 1 and 2 when resources increase by 30%. 
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Table 1. Description of parameters for each patch   i = 1 , ⋯ , n  .
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	Parameter Descriptions
	Parameter Sign





	   k   l i   m i    :   The transfer function from the   L i   class to the   M i   class
	    k   l i   m i    > 0   



	   k   v i   m i    :   The transfer function from the   V i   class to the   M i   class
	    k   v i   m i    > 0   



	   k   m i   v i    :   The transfer function from the   M i   class to the   V i   class
	    k   m i   v i    > 0   



	   k   v i   l i    :   The transfer function from the   V i   class to the   L i   class
	    k   v i   l i    > 0   



	   k   l i   v i    :   The transfer function from the   L i   class to the   V i   class
	    k   l i   v i    > 0   



	   Λ i  :   The constant rate of immigration
	    Λ i  > 0   



	   p i  :   the probability of immigrating in the   V i   class
	    p i  ∈  [ 0 , 1 ]    



	  1 −  p i  :   the probability of immigrating in the   M i   class
	    ( 1 −  p i  )  ∈  [ 0 , 1 ]    



	   b i  :   birth rate
	    b i  > 0   



	   μ h i  :   density independent of mortality rate
	    μ h i  > 0   



	   μ  2 h  i  :   density dependent on mortality rate
	    μ  2 h  i  > 0   



	  f  (  N i  )  =  μ h i  +  μ  2 h  i   N i  :   The mortality rate is linearly dependent on population size and is in the form
	   f (  N i  ) > 0   










 





Table 2. Parameter values for   i = 1 , 2  .
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	Parameters
	Values
	Reference





	   a   l i   m i     
	0
	[31]



	   b   l i   m i     
	4.271
	[31]



	   a   l i   v i     
	26.771
	[31]



	   b   l i   v i     
	6.285
	[31]



	   a   v i   m i     
	7.361
	[31]



	   b   v i   m i     
	0.917
	[31]



	   a   m i   v i     
	0.001
	[31]



	   a   v i   l i     
	0.006
	[31]



	   a   m i   l i     
	0
	[31]



	   Λ i   
	0.108
	[31]



	   p i   
	0.5
	[31]



	   α i   
	    1 100    
	fixed



	    b i  −  μ h i    
	0.0331
	[31]



	    μ  2 h  i  :   
	0.000014
	[31]
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