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Abstract

:

The widespread informal settlements in Nairobi have interested many researchers and urban policymakers. Reasonable planning of urban density is the key to sustainable development. By using the spatial population data of 2000, 2010, and 2020, this study aims to explore the changes in population density and spatial patterns of informal settlements in Nairobi. The result of spatial correlation analysis shows that the informal settlements are the centers of population growth and agglomeration and are mostly distributed in the belts of 4 and 8 km from Nairobi’s central business district (CBD). A series of population density models in Nairobi were examined; it showed that the correlation between population density and distance to CBD was positive within a 4 km area, while for areas outside 8 km, they were negatively related. The factors determining population density distribution are also discussed. We argue that where people choose to settle is a decision process between the expected benefits and the cost of living; the informal settlements around the 4-km belt in Nairobi has become the choice for most poor people. This paper ends with suggestions for urban planning and upgrading informal settlements. The findings will increase our understanding of urban population distribution in underdeveloped countries.
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1. Introduction


In the African continent, poverty-related informal settlements are characterized by high population density, low urban services, tenure insecurity, and informal housing, which are very common in large African cities and cities in less-developed countries [1,2,3,4]. In Kenya, 54.7% of the total population live in informal settlements [5]. According to the estimates of the World Bank, roughly 60% of Kenya’s urban families live in areas that would be defined as slums [6]. With the urbanization process, the expanding informal settlements have been regarded as a persistent problem in African cities, corresponding with a bad environment, pandemic disease, and community crimes [7,8,9], which are the obvious challenges for realizing the 2030 sustainable goals in Africa.



As the capital of Kenya and the hub of business in Eastern Africa, Nairobi is facing rapid population growth accompanied by the expansion of large-scale informal settlements [10]. The city’s population has grown from 0.51 to 439.7 million in the past 50 years [11]. According to Amnesty International’s report, roughly 2 million people are living in the informal settlements of Nairobi; they make up nearly half Nairobi’s population, yet they are crammed into only 5% of the city’s residential areas and just 1% of all the land in the city [12]. The population density of informal settlements is usually higher than in other areas. The informal settlements lack public services, proper governance, electricity access, and they face the high rates of unemployment and crimes [13,14]. In 2020, the global pandemic of COVID-19 is regarded as a severe threat to the residents of informal settlements in Nairobi [15].



For a long time, the expanding informal settlements in Nairobi have been an indication of the poor capacity of population governance and unequal public service investments. The present distribution of informal settlements in Nairobi is related to the rapid rush of rural population migration to the city and the fact that the city could not provide enough formal job positions to the poor rural population; hence, there is a large number of migrants that have to live in crowded informal settlements [16]. In Nairobi city, the population densities in the informal settlements and the high-income residential areas are 63,000 and 500 inhabitants/km2, respectively [17].



Poverty alleviation is the first goal of the UN’s 2030 sustainable development goals, and poverty-related informal settlements are the main challenges to city governance in many African countries [18,19,20]. Residential segregation is an original phenomenon in Nairobi as well as other urban centers in Kenya. Its origin in the Kenyan towns can be traced back to the emergence of colonization. By 1900, a racially segregated Nairobi had been set up. Racial segregation was sustained in Nairobi from these early times up to 1963 when Kenya attained independence [21]. Although international organizations and African countries have tried to solve the slum-related problems in the past decades, the obvious lack of institutional policy and strategy in Nairobi did not push forward the improvement of informal settlements [1]. The informal settlements in Nairobi are still sprawling and increasing in population density [22].



With the fast urbanization process, demographic dynamics are becoming crucial to urban development and spatial planning [23]. Studies on city population density and population distribution structures have been highlighted in the past half-century, and cities in developed countries and emerging countries are usually the targets for the studies [24,25,26,27]. The process of city expansion corresponds to environmental changes. Remote sensing and GIS were used to demonstrate land-use and land-cover changes, coinciding with the expanded informal settlements in Nairobi [28]. The studies on informal settlements in Nairobi have interested many researchers in the past decades, with studies relating to population growth and migration [22,29,30], health conditions [31,32], residential segregation [21,33], and urban poverty [1,34]. Very little research has been concerned about the population density and spatial structures of informal settlements, although, in 1969, Kahimbaara used the generalized Newling function to identify the spatial structure of Nairobi based on the national census data of 56 districts [35]. The methods and results should be upgraded to adapt to the rapidly changing urban population.



The urban governors face daunting decisions when dealing with the sprawling informal settlements. Previous studies have shown that informal settlements are the most densely populated areas in Nairobi, and the neglect of the spatial structure of informal settlements and their links to other urban function areas has led to less efficient city management [36]. Therefore, it is significant to uncover the spatial structure of informal settlements and the correlation between population density and spatial location.



As GIS technologies are widely used in urban studies, quantitative spatial analysis of city populations can be realized based on geographic information data [37]. In this study, we use spatial population data to reconstruct the population density and distribution of informal settlements and examine the changes and spatial correlations of the population density in Nairobi. Then, we use classical population density models to fit the population distribution in Nairobi. Our focus is on the impact of large-scale informal settlements.




2. Data and Methodology


2.1. Data Sources


Collection and analysis of data related to administrative boundaries, population census, and informal settlements are the key points in this study to demonstrate the spatial distribution of informal settlements and their density and structure in Nairobi. The vector data of Kenya’s administrative boundaries are derived from GADM (Database of Global Administrative Areas) (https://www.gadm.org/). GADM provides maps and spatial data for all countries and their subdivisions. The study area we used in this paper was the administrative boundary of Nairobi city. The total administrative region is 684 square kilometers, and the topography inclines from west to east, with the elevation from 1920 to 1464 m (Figure 1).



WorldPop (https://www.worldpop.org/) is an open-access website with high-resolution spatial demographic data for less developed countries and regions. The database uses the method of random forest-based dasymetric redistribution to map the population distribution in Kenya. Their data sources include multiple remote sensing data, administrative data, and national survey data [37]. Their data products have been widely used in demographic research [38,39]. We use 85,798 grids of residential data in Nairobi city for 2000, 2010, and 2020 (estimate data) from WorldPop, with a grid resolution of 100 × 100 m; the units are the number of people per pixel. Administrative subunit data and residential boundaries are important for the analysis of the spatial distribution of informal settlements in Nairobi.



Based on the availability of research data and the UN Habitats classification of “slums” [40], the informal settlements in Nairobi are defined and characterized by nondurable housing, crowded space, and poor living conditions. It is easy to find the main slums or informal settlements in Nairobi using remote sensing images. The informal settlements’ boundaries in Nairobi were extracted by using visual interpretation based on Landsat images (Landsat8-OLI). We also used high-resolution Google maps and Google Street View for correction (Figure 2). The above interpretation and correction work was finished in the platform of Arcgis (10.4.1, ESRI, RedLands, CA, USA). Finally, we extracted 45 informal settlements, each with an acreage of more than 2 hectares. Among them, there are 14 main informal settlements, each with an acreage of more than 40 hectares.




2.2. Moran Indexes and Spatial Agglomeration


A quantitative study of the spatial population agglomeration displays the detailed messages of population distribution and informal settlement agglomeration in Nairobi. In this study, we used the local Moran index to analyze the spatial autocorrelation of population density in Nairobi. Local Moran indexes are widely used in determining the spatial correlation for population and economic factors in urban areas [41,42,43]. We used this method to identify where the spatial agglomeration of population density in the study area is. The formula is constructed as follows:


   I i  =    (   X i  −  X ¯   )    ∑   i = 1  n    ∑   j = 1  n   w  i j    (   X j  −  X ¯   )     S 2    ,   i ≠ j  



(1)




where    I i    is the local Moran index of grid i;     S 2    is the variance of  X ; n is the total number of spatial units;     X i    and    X j    are the population density values between units i and j;   X ¯   is the average value of    X i    and    X j   ;    w  i j     is a spatial weight matrix.



A high positive    I i    value implies that grid i has similar high or low values as its neighbors; the location is spatial agglomeration. A high negative    I i    value implies that grid i is a spatial outlier; its value is obviously different from that of their surrounding grids. As a result, the cluster map of the local Moran index (I) contains five cluster types: high–high (HH), low–low (LL), high–low (HL), low–high (LH), and nonsignificant units. HH and LL indicate positive local spatial correlation and that grid i has a high (or low) population density; it also indicates that the surrounding population density is high (or low). HL and LH indicate negative local spatial correlation and that the population density of grid i is much higher (or lower) than the surroundings. The nonsignificant unit indicates that the correlation between close units is not significant [44]. The HH relationship has significance for identifying the areas of population concentration.




2.3. Population Density Models for Single City Center


Urban economists agree that population density and distance from urban centers are traditionally negatively related. There are many population density models of big cities [27,45]. Previous studies of population density models have used large cities in developed countries, but few quantitative studies have used large cities in less developed regions [24,25,26,45,46]. Population density functions can clearly identify the population changes in different urban circle layers, and this has significance for modeling the urban population distribution in a quantitative way.



In this study, we will examine which functions can best simulate the population distribution in Nairobi. As the Nairobi central business district (CBD) is the core area of the city, we chose classical single-center models to fit the distribution of the urban population. We applied centrographic analysis to locate the central point of Nairobi, which is the mean center estimated from all the population-weighted grids in the CBD area. The population density grid data was clipped by concentric circles, with the city center point as the circle’s center and 500 m as the radius. We calculated the average population density of each sample area. Then, we put the data into the population density models for further analysis. The models we used are as follows:



The Clark model:


  y = a  e  b x    



(2)







This model was created by Clark in 1951; it is the first exponential function to explain the relationship between urban population density and distance, where y is the population density of a point; x is the linear distance of the point to the city center; a and b are constants, where a represents the population density of the city center [24].



The Newling model:


  y = a  e  b x + c  x 2     



(3)







This model was created by Newling in 1969; it is a variation of the Gaussian function, where c is a constant. The Newling model reveals similar population density change trends as the Clark model. When c = 0, the Newling model is transformed into the Clark model [25].



The McMillen model:


  y = a  e  b x + c  1 x     



(4)







This model was used by McMillen and McDonald in 1998; it is an improved exponential model based on McMillen’s study on Chicago [26]. When c = 0, the McMillen model is also transformed into the Clark model.



The previous functions are all based on the study of metropolitan areas in developed countries. In order to make our result more credible, we also selected another four models of linear function, quadratic function, cubic function, and logarithmic function for a comparative study:



Linear function:


  y = a x + b  



(5)







Quadratic function:


  y = a  x 2  + b x + c  



(6)







Cubic function:


  y = a  x 3  + b  x 2  + c x + d  



(7)







Logarithmic function:


  y = a l  n x  + b  



(8)







We will use the population data and compare the results of the above models for the purpose of determining the most suitable population density model for Nairobi.





3. Results


3.1. Identify Where the Population Agglomeration is in Nairobi


Spatial autocorrelation analysis was performed based on the distribution of population density of 2000, 2010, and 2020 to identify the population agglomeration in Nairobi. Geoda software (1.14, University of Chicago, Chicago, IL, USA) was used to calculate the local Moran index for the three periods. The result shown in Figure 3 classifies the areas with high population density in red and low population density in blue; it turns out that Nairobi’s CBD belongs to the LL type, with clusters of low-density population. The areas of HH type are observed on the eastern and southern sides of the urban core area. According to Figure 1 and Figure 3, we find that the informal settlements are the main areas where high population density grids are gathered.




3.2. Changes of Population Density in Informal Settlements


In order to further analyze the population density changes in different areas, we used ArcGIS 10.4 software to calculate the net increased population in Nairobi by subtracting the population grid values of 2000 from that of 2020. Figure 4 shows a quite-small increase in population density nearby Nairobi CBD from 2000 to 2020. However, large-scale informal settlements are distributed around the CBD, such as the Kibera and Mathare slums. The areas outside the urban core area, mostly informal settlements, are witnessing significant population growth. The informal settlements are hot spots for population increase in Nairobi.



We extracted and calculated the population density changes of the informal settlements with larger acreage in Nairobi (Table 1). The result shows that Huruma, Mathare, and Kibera are the most populous informal settlements and also the fastest growing. From 2000 to 2020, the population density of Huruma, Mathare, and Kibera increased by 766.98, 546.27, and 475.27 inhabitants per hectare, respectively. Both Table 1 and Figure 4 indicate that the informal settlements close to the urban core are the areas with the fastest population density increase in Nairobi.




3.3. Determining the Population Density Model for Nairobi


We performed the processing of the population density grid data of Nairobi for 2000 and 2020. The results contain 64 circinate areas of the city, as shown in Figure 5. In addition, we calculated the average population density value of each area.



The correspondence between average population density and the linear distance to the central point is demonstrated in a scatter plot (Figure 6). It is observable that the trends of the two periods are similar for the past 20 years. The maximum population density appears within the area of 4 km from the central point. The correlation between population density and distance seems positive within a 4 km area, while in areas outside 8 km, they are negatively related. Therefore, we used the piecewise function to fit the regions inside and outside the 8 km circle.



The processed population density data and distance data were fitted according to Functions (2)–(8). The results showed that the fitting degree of the Newling and McMillen models is quite good. The fitting degree of the region with x > 8 km is significantly better than that of the region with x ≤ 8 km. As fitting coefficient b of the McMillen model for the region, with x ≤ 8 km, failed to pass the significance test, the fitting was performed again after the model was modified. The results are shown in Table 2.



When x > 8 km, the fitting degree of the Newling model is the best; the R2 value for 2000 and 2020 is 0.947 and 0.978, respectively. When x ≤ 8 km, the McMillen model has the best fitting degree; the R2 value for 2000 and 2020 is 0.729 and 0.821, respectively. Therefore, the following piecewise functions can be used to explain the population density distribution in Nairobi:


  2000 :    {     y = 60.886  e  − 1.037  x  − 1        (  x ≤ 8 ,    R 2  = 0.729  )        y = 1754.607  e  − 0.448 x + 0.007  x 2        ( x > 8 ,    R 2  = 0.947 )       



(9)






  2020 :    {      y = 138.518  e  − 1.260  x  − 1                      (  x ≤ 8 ,    R 2  = 0.821  )        y = 2149.520  e  − 0.381 x + 0.005  x 2      ( x > 8 ,    R 2  = 0.978 )        



(10)







The Clark model, the Newling model, and the McMillen model are all based on the research of megacities in developed countries. All their results show that urban population density decreases continuously with distance increases. However, our study found that due to the influence of informal settlement distribution, the population density did not decrease continuously with the increase of distance. The increase of coefficient a indicates that the attractiveness of the population around the 8-km belt is enhanced.



We calculated the minimum value of Formulas (9) and (10). The result shows that when x = 32 and 38.1 (km), Formulas (9) and (10) obtain the minimum value, respectively. The x value corresponding to minimum population density can be regarded as the theoretical boundary of population expansion in Nairobi (32 km in 2000, 38.1 km in 2020). It shows that over the past 20 years, the theoretical boundary has extended 5.9 km outward, which proves that Nairobi has a huge trend of outward expansion.



We also compared the relationship between the population density of informal settlements and the distance to the CBD for 2000 and 2020. As shown in Figure 7, the population density in informal settlements showed a significant increase within a 4-km area and a significant decline outside the 4-km area. The coefficient of x also indicated that the population attractiveness of informal settlements nearby the 4-km belt is quite strong and also increasing rapidly. Due to space constraints in the core urban area, informal settlements nearby the 4-km belt will face greater population pressure in the future, which is also a big challenge to the improvement of the living conditions in informal settlements.





4. Discussions


4.1. More Contribution of Informal Settlements to Population Increase in Nairobi


Informal settlements are hotspots of population increase and gathering in Nairobi. The results show that Nairobi’s population density distribution has a strong positive spatial correlation. Especially in areas with high density, the population’s spatial agglomeration has continued to strengthen over the past 20 years. We also calculated the changes in population density in informal settlements from 2000 to 2020, which had an overall increase of 1.25 times in Nairobi. Meanwhile (from 1999 to 2019), according to census data, the population density of Nairobi increased by just 1.05 times. The growth rate of population density among informal settlements is also different. The informal settlements nearby the 4-km belt, such as Kibera, Mathare, and Huruma, usually have higher population density growth rates, while the informal settlements nearby the 8-km belt usually have a smaller population density.



In addition, according to our results, the size of the population living in informal settlements in Nairobi may have been overestimated by previous studies. For example, we calculated that the population of Kibera was roughly 283,024 in 2020, while the media and politicians usually quote the stunning figure of 700,000 to 1 million inhabitants, which is greatly overestimated. According to Desgroppes and Taupin’s field survey, the population of Kibera was estimated at 204,473, which is very close to our result for 2010 (roughly 198,917 inhabitants) [47]. The population size of the 45 informal settlements we extracted has also been counted, which was roughly 1.1 million in total. It means that about a quarter of Nairobi’s population live in settlements with nondurable housing, crowded spaces, and poor living conditions.




4.2. Factors Determining Population Density Distribution


The expansion of most informal settlements is related to employment opportunities, considering that these areas are mostly established by workers employed in nearby factories and shops or by wealthy families [48,49]. Even though the informal settlements have poor living conditions and a lack of services, they still offer opportunities for housing and work that are not available in the formal sector for vast numbers of people [49,50,51]. Where people choose to settle is a decision process between the expected benefits and the cost of living. The informal settlements have lower living costs and shorter commuting distances and are easier for new immigrants to settle in, all of which drive the rapid population increase and gathering. The spatial layout of informal settlements is also affected by the apartheid in history. There is obvious residential segregation between the formal and informal settlements areas in Nairobi [33]. This pattern has been stable for a long time. The research by K’akumu and Olima proves that almost all high-end and middle-class houses share borders with, but, at the same time, draw barriers against informal settlements [21].



The population distribution model proves that there is a significant correlation between population density and the distance to the city center. The urban core usually has better job opportunities; however, this comes with higher rents. People have to find a balance between commuting distance and the cost of living, and the 4-km belt has become the best choice for the people working in the urban core. Thus, within 4 km, population density is positively correlated with distance. The 8-km belt nearby the urban fringe area is undergoing dramatic urban expansion, and it is also the major area for the layout of industries. More people are willing to settle in the 8-km belt because of the lower living cost and the distance to their workplaces. Outside the 8-km belt, the population density drops rapidly with an increase of distance.




4.3. Suggestions to Policymakers in Urban Management


The governance and urban management of informal settlements in Kenya are complex and have systematic issues. A series of upgrading programs has been implemented. However, due to the lack of accurate understanding of the characteristics of informal population distribution, many efforts have not achieved the expected results [52,53]. Our study concludes that the settlements nearby the 4-km and 8-km belts are more attractive to new urban immigrants. More people are willing to settle in the areas close to the urban core, which will put tremendous pressure on the population density and living conditions of informal settlements in this area.



For policymakers, the first thing to do is to guide the rational distribution of new migrants through the tools of housing policies and land rents. The housing rents and urban service costs in the urban fringe can be lowered to attract new immigrants and relieve the population pressure on the urban core. Then, by improving the urban environment, optimizing the industrial layout, and enhancing urban services, the distant informal settlements could be transformed into a fully functional residential area or other types of formal-function area. By upgrading the housing and by building upwards, the land-use efficiency and living conditions of the central informal settlements could also be improved. With the support of housing and land policies, the population of informal settlements can also gradually migrate to new formal settlements and satellite cities. In addition, the global urban growth experiences indicate that a single city center is more likely to cause overcrowding in built-up areas and reduce urban efficiency [54,55]. In order to alleviate the population pressure in the urban core and optimize the urban functional zone in Nairobi, we suggest that a subcity center should be of concern in the future.




4.4. Limitations and Further Research


This article shows the application of multisource geographic information data in the study of population spatial structures; however, the limitations still exist in this work. The main informal settlement boundaries were extracted from the information reflected by satellite imagery, and it cannot completely reflect the distribution characteristics of all informal settlements in Nairobi. Moreover, there are deviations between the visual interpretation and actual situations, but they are within the acceptable range of our study. In addition, a number of factors influence population density in Nairobi, including urban road networks, topographic features, waterways, housing policies, and historical causes. Our model analysis provides a geographical explanation of the spatial distribution of the population in the study area instead of a detailed analysis of the influence factors. The factors related to the population distribution will be investigated in future studies.



Our research shows that remote sensing and GIS technology play a remarkable role in urban population research. For further research, more reasonable and accurate methods based on remote sensing and GIS should be developed to study the distribution of human settlements in Nairobi. More comprehensive methods and survey data should be used to discuss the influencing mechanism in the population process.





5. Conclusions


This study has shed light on the patterns and spatial structure of the population in Nairobi based on population density raster data with a resolution of 100 m. Changes in informal settlements are at the core of our concern. The main conclusions are as follows:




	(1)

	
In the past 20 years, the population density of Nairobi has increased rapidly, and informal settlements are the centers of population growth and agglomeration.




	(2)

	
Due to the influence of the large-scale distribution of informal settlements, the classic population density models cannot explain the population distribution pattern of cities in Kenya well. Our finding is that piecewise exponential functions are more suitable.




	(3)

	
The informal settlements are usually close to areas where urbanization is booming. The 4-km and 8-km belts are the main areas that the population is gathering. Employment, housing, and commuting are the main factors affecting the development of informal settlements.




	(4)

	
The correlation between population density and distance is positive within the 4-km area, while in areas outside 8 km, they are negatively related. We also concluded that the informal settlements nearby the 4-km belt will face greater population pressure in the future.









Although the Nairobi government has carried out some projects to upgrade informal settlements during the past decade, the informal settlements are still under pressure from the urban core of Nairobi. Further policies and subcity center planning should be implemented for better urban management of the mega-Nairobi city in the future.
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Figure 1. Location and topographic map of Nairobi, Kenya. 
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Figure 2. Boundaries and photos of informal settlements in Nairobi, taking Kibera, Estate, and Viwandani as examples. 
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Figure 3. Local Moran’s I cluster map of Nairobi’s population density (excluding the national park) in 2000, 2010, and 2020. 
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Figure 4. Distribution of net increased population density in Nairobi from 2000 to 2020. 
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Figure 5. The population density grid of Nairobi (excluding the national park) for 2020, clipping by the concentric circles. 
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Figure 6. Relationship between population density and distance to Nairobi’s city center. 
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Figure 7. Relationship between population density of informal settlements and distance, Nairobi. 
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Table 1. Population density changes of Nairobi’s main informal settlements in 2000, 2010, and 2020.
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Number

	
Name

	
Area/ha

	
Inhabitants/ha

	
Net Increased Inhabitant/ha

2000–2020




	
2000

	
2010

	
2020






	
1

	
Dandora

	
182.15

	
248.61

	
403.18

	
585.31

	
336.7




	
2

	
Huruma

	
78.14

	
614.44

	
911.93

	
1381.42

	
766.98




	
3

	
Estate

	
249.08

	
146.32

	
281.17

	
318.26

	
171.94




	
4

	
Kangwangware

	
329.14

	
186.25

	
272.76

	
399.94

	
213.69




	
5

	
Kiambiu

	
50.02

	
284.26

	
529.78

	
714.16

	
429.9




	
6

	
Kibera

	
287.13

	
439.43

	
671.88

	
985.70

	
546.27




	
7

	
Korogocho

	
99.74

	
281.84

	
481.86

	
588.93

	
307.09




	
8

	
Kwa Njenga

	
133.21

	
155.26

	
257.00

	
358.74

	
203.48




	
9

	
Majengo

	
60.45

	
253.27

	
380.81

	
577.98

	
324.71




	
10

	
Mathare

	
100.70

	
329.72

	
519.27

	
804.99

	
475.27




	
11

	
Mukuru

	
49.02

	
92.56

	
122.61

	
186.95

	
94.39




	
12

	
Sweto

	
192.23

	
139.83

	
224.86

	
333.45

	
193.62




	
13

	
Tsaaia

	
40.51

	
125.09

	
188.38

	
257.73

	
132.64




	
14

	
Viwandani

	
167.11

	
140.22

	
211.09

	
306.58

	
166.36
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Table 2. Fitting results of the spatial distribution of population density.
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Models

	
Year

	
Area

	
a

	
b

	
c

	
d

	
R2






	
Linear

	
2000

	
x ≤ 8 km

	
3.254

	
31.365 *

	

	

	
0.114




	
x > 8 km

	
−1.457 **

	
39.043 **

	

	

	
0.681




	
2020

	
x ≤ 8 km

	
7.249

	
65.098 *

	

	

	
0.125




	
x > 8 km

	
−3.114 **

	
83.102 **

	

	

	
0.681




	
Quadratic

	
2000

	
x ≤ 8 km

	
−2.890 *

	
27.816 *

	
−5.477

	

	
0.491




	
x > 8 km

	
0.142 **

	
−7.224 **

	
90.599 **

	

	
0.930




	
2020

	
x ≤ 8 km

	
−6.170 *

	
59.692 *

	
−13.567

	

	
0.504




	
x > 8 km

	
0.300 **

	
−15.251 **

	
191.614 **

	

	
0.923




	
Cubic

	
2000

	
x ≤ 8 km

	
0.711

	
−11.957

	
59.588 *

	
−31.319

	
0.582




	
x > 8km

	
−0.008 *

	
0.623 **

	
−16.272 **

	
142.459 **

	
0.908




	
2020

	
x ≤ 8 km

	
1.530

	
−25.677

	
128.044 *

	
−69.162

	
0.597




	
x > 8 km

	
−0.018 **

	
1.395 **

	
−35.870 **

	
309.784 **

	
0.955




	
Ln

	
2000

	
x ≤ 8 km

	
15.188 *

	
26.609

	

	

	
0.273




	
x > 8 km

	
−29.356 **

	
95.904 **

	

	

	
0.814




	
2020

	
x ≤ 8 km

	
33.529 *

	
54.870 *

	

	

	
0.293




	
x > 8 km

	
−62.667 **

	
204.423 *

	

	

	
0.813




	
Clark model

	
2000

	
x ≤ 8 km

	
22.514 *

	
0.131 *

	

	

	
0.276




	
x > 8 km

	
159.973 **

	
−0.180 **

	

	

	
0.900




	
2020

	
x ≤ 8 km

	
42.445 *

	
0.153 **

	

	

	
0.283




	
x > 8 km

	
382.604 **

	
−0.188 **

	

	

	
0.954




	
Newling model

	
2000

	
x ≤ 8 km

	
8.061 *

	
0.816 **

	
−0.081 **

	

	
0.714




	
x > 8 km

	
1754.607 **

	
−0.448 **

	
0.007 **

	

	
0.947




	
2020

	
x ≤ 8 km

	
13.290 **

	
0.927 **

	
−0.091 **

	

	
0.705




	
x > 8 km

	
2149.520 **

	
−0.381 **

	
0.005 **

	

	
0.978




	
McMillen model

	
2000

	
x ≤ 8 km

	
60.886 **

	

	
−1.037 **

	

	
0.729




	
x > 8 km

	
5.918 **

	
−0.094 **

	
27.432 **

	

	
0.927




	
2020

	
x ≤ 8 km

	
138.518 **

	

	
−1.260 **

	

	
0.821




	
x > 8 km

	
28.847 **

	
−0.121 **

	
21.508 **

	

	
0.970








Note: All functions have passed the F-test; * ρ < 0.05, ** ρ < 0.01.
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