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Abstract: Nighttime lights represent the result of satellite observation of the artificial lighting of human
activities on the Earth from space during the night, which provides the excellent opportunity to determine
their position, pattern, density, and spatial distribution. Such data have a high detail spatial and temporal
resolution, which opens a wide range of possibilities for quantitative and qualitative analysis. In this paper,
nighttime lights are used as a highly accurate dataset for indirect tracking of changes in temporal and spatial
patterns of population distribution and activity in Serbia. Two indicators were applied—Lighted area and
Sum of lights. They are calculated for local government units in Serbia, for 2015 and period 2015-2019. The
results of the conducted analysis follow the conclusions of the existing knowledge on population distribution
based on the official statistical data. Areas with a high share of lighted areas are dominantly urban and the
most populated, while traditionally depopulated areas are with a low share of lighted areas. Sum of lights
highlighted the distinction between developed and populated north and depressive and depopulated south
of Serbia. General conclusion is that “dark has fallen in Serbia”, not only in peripheral and rural parts of the
country, but in the smaller urban centers as well, and it is steadily spreading toward bigger urban areas. With
nighttime lights application, this kind of process in terms of spatial disparities, its scope and dynamics can be
easily identified, analyzed, and monitored.

Keywords: nighttime lights; spatial and temporal changes; population distribution; population activity; territory
of Serbia

1. Introduction

Social phenomena, processes, and events are complex, changeable, diverse, dynamic, and
multidimensional (Knezi¢, 2004) and require the application of a wide range of approaches
and methods toward their identification, comprehension, and monitoring, as well as their
spatial or temporal aspect, or both. Some of these approaches and methods are traditional,
based on statistical data, which are evaluated as insufficiently accurate, so the need for the
introduction of more innovative approaches arose (Bruederle & Hodler, 2018; Chen, 2020; Hall
et al, 2019).
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As an alternative tool for studying and tracking social processes and phenomena, remote
sensing has been introduced, providing the possibility of using satellite-based indicators with
high spatial resolution (e.g., from a few to several hundred meters) and time resolution (daily,
monthly, and annual level).

Nighttime lights mean observing the artificial lighting of human activities on the Earth
from space during the night, which provides an excellent opportunity to observe their position,
pattern, density, and spatial distribution (Chen & Nordhaus, 2011; Levin & Duke, 2012). Such
data open a wide range of possibilities for quantitative and qualitative analysis. Potential
problems within nighttime light images is the level of their clarity due to different factors:
blooming effects, atmospheric conditions, auroras, gas production, mining, warehouse hub
expansion, and geometric errors, which can be fixed by filtering the obtained data.
Additionally, some underestimation persists due to the time when the satellite images are
collected—about or after local midnight when a certain decline in human activities exists (Dou
et al, 2017).

Early recognition of nighttime lights within social science date back to the 1980s when
they were used as an inventory of human settlements (Elvidge et al., 1997), after which their
use was rare for a long period of time (Hall, 2010). However, the applications of nighttime
lights have intensified as a popular proxy since the early 2000s, as a result of the availability,
global coverage, and free access (Bruederle & Hodler, 2018; Bustos, 2015; Chen, 2020; Hall
et al., 2019).

Accordingly, the nighttime lights data have been used nowadays in wide range of scientific
disciplines related to: economic development (Chen & Nordhaus, 2011; Coetzee & Kleynhans,
2021; Doll et al.,, 2006; Elvidge et al., 1997; Ghosh et al.,, 2010; Henderson et al., 2011, 2012),
population (Doll, 2010; Elvidge et al., 1997; Pozzi et al.,, 2003; Sutton et al., 2001; Sutton, 1997;
Sutton et al,, 1997), poverty (Doll & Pachauri, 2010; Elvidge et al., 2009; Noor et al., 2008),
urbanization (Bruederle & Hodler, 2018; Bustos, 2015; Elvidge et al., 2012; Elvidge et al., 2007;
Henderson et al., 2003; Imhoff et al,, 1997, Ma, 2018; Small et al., 2005), urban transition
(Saksena et al.,, 2014; Tan, 2015), natural disasters (Akiyama, 2012; Kohiyama et al., 2004; Zhao
et al, 2020), etc. As Elvidge, Baugh, et al. (2017) summarized, if one phenomenon can be
measured or studied successfully with nighttime light data, then it can be used for measuring
other related phenomena as well.

The application of nighttime lights in demographic studies is somewise limited,
focused mostly on the population estimation (Bustos & Hall, 2015; Elvidge et al., 1997; Lo,
2001; Sutton et al., 2001), population density (Sutton et al., 1997; Tan et al, 2018),
migration flows (Chen, 2020), as well as on population and income (Levin & Duke, 2012).
The use of nighttime lights data is present in estimating such variables in countries where
traditional economic and demographic data are missing or they are not accurate enough
(Akiyama, 2012; Bustos, 2015). Thanks to the time and space accuracy, nighttime lights
can be used to predict population processes in small areas (Chen, 2020). Some scholars
have analyzed the relation between population distribution and light intensity in different
regions, showing a significant correlation (Anderson et al., 2010; Bagan & Yamagata,
2015), while others observed spatial matching of the demographic data by using light
image data (Amaral et al., 2005; Sutton, 1997).

Also, there is a very high correlation between nighttime lights and economic development
of some countries, regions, etc. Elvidge, Baugh, et al. (2017) explain that in highly developed
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countries (e.g., USA or Japan) the satellite-observed lighting is stable on an annual level or in
longer time series, while in developing countries the situation is quite opposite—changes in
population or GDP are dynamic and with growing tendencies, which can be clearly noticeable.

In Serbia, nighttime lights data as a tool do not have wider application in social sciences,
geography and spatial planning, nor do all the benefits that accompany it. Regional study of
settlement networks on the territory of Vojvodina region for 2010 was performed, which
showed domination of large cities and their surroundings, as well as of the areas along the
infrastructure corridors (Kruni¢, 2012). Further, another research for Serbia was conducted
regarding seasonally activated rural areas in the period 2015-2019 using nighttime lights as
complementary tool to statistical analysis, indicating the scope, intensity, spatial dispersion of
the studied phenomenon, and recognition of tourist activity as its main driving factor
(Drobnjakovi¢ et al., 2022).

On the other hand, some interesting results for Serbia arose in a few international studies,
which used nighttime lights as a main research tool and explored scientific justification for its
application and consistency of the obtained results. Elvidge, Hsu, et al. (2017) conducted a
thorough research in the spatial patterns of lighting as a result of change in population and
GDP growth over the period 1992-2012 (on the national level). Territorial extent of the study
implied Southeast Europe countries, among which was Serbia, too. The results of the study
showed steady lighting growth over the mentioned period, with the emphasis on a second
decade, when almost all of the cities experienced urban lighting growth, as well as some rural
areas in the central part of Serbia (Elvidge, Hsu, et al., 2017). Another study was performed by
Bustos et al. (2015) which monitors population change in Europe in the period 1992-2012 (on
the national level), including Serbia as well. The results of this study pointed to a strong division
in population change between Western and Eastern Europe, and then thoroughly examined
the differences between the countries. Serbia belongs to the group of countries characterized
by population change (growth then decline) growth then decline, characteristic for other
Eastern Europe countries (Bustos et al., 2015), and the same tendency is identified in lighted
area change as well.

In this paper, nighttime lights served as an innovative but highly accurate tool for tracking
changes and spatial patterns of population distribution and activity on the territory of Serbia.
The main goal was to identify or indicate where development is concentrated, i.e., where the
population and economic activities are in Serbia and where the opposite situation is, not just
in the one moment of time (e.g., 2015) but over a longer period (2015-2019). As Bustos (2015)
argues, a significant opus of knowledge exists regarding the effectiveness of nighttime lights
as proxies for economic and demographic data in specific moments of time, without
consideration of the complete temporal extent of the data available. An analysis of nighttime
lights over a long period of time indicates the processes that take place in space. Where the
intensity of lighting radians is weak, spaces are gradually "dying out” and population and
economic activity are decreasing.

2. Method and data

The nighttime lights data were used for the identification and survey of temporal and spatial
variations of population concentration as well as economic activity in Serbia. For this purpose,
VIIRS Nighttime Day/Night Band Composites Version 1 (Earth Observation Group, Payne
Institute for Public Policy, Colorado School of Mines, 2012-present; Elvidge, et al., 2013; Elvidge,
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Baugh, et al,, 2017) dataset was used to calculate (i) the share of the light area—LA (%) in the
total area of settlement/municipality and (i) the sum of lights—SOL (n\W cm™ sr™) for
settlement/municipality. The LA showed areas with increased concentration of the population,
as well as areas of depopulation, while the SOL is used for the analysis of the overall activity
indicating the population concentration and the level of the economic activity and
development of settlements/municipalities in Serbia.

Temporal framework encompasses the calculation of both indicators for 2015 as the initial
year. Afterwards it was expanded to the period 2015-2019 (annual average) in order to track
their dynamics, while the spatial resolution was =500 m. Both indicators were calculated for
the level of a municipality first, but for deeper insight, the process included the level of
settlement which made the obtained picture clearer. The boundaries of the administrative
units were retrieved from the Open Data National Spatial Data Infrastructure (NSDI) service
(Republic Geodetic Authority, n.d.).

Spatial extent of the research for the territory of Serbia includes 174 municipalities.
However, for the settlement level, the territory of Kosovo and Metohija was excluded from
the analysis due to data unavailability (the territory is under United Nations Security
Council Resolution, No. 1244/99).

Data preparation and calculation of indicators were performed in the QGIS (Version
3.16). Two datasets were prepared: (i) average annual values for 2015 and (ii) mean monthly
values of nighttime lights for the period 2015-2019. Original data were filtered to exclude
the influence of stray light, lightning, lunar illumination, and cloud-cover, while the data
set for 2015 is further filtered to fires and other ephemeral lights and with a background
(non-lights) set to zero (Elvidge, Baugh, et al., 2013, 2017). Preparation of monthly values
dataset for the period 2015-2019 involved the removal of negative values and interpolation
of excluded pixels applying the Nearest-neighbor interpolation method. Additionally, both
sets were checked on outliers that had been removed from the analysis. In the case of the
dataset for 2015, areas with radiance of 0 nW cm™ sr™' were considered as unpopulated,
while for the dataset 2015-2019, this threshold was set for the radiance <1 nW cm™ sr™",

3. Results and discussion

The obtained results, as well as interpretation and additional explanations are divided into two
segments. The first segment is related to the indicator Lighted Area and the second is related
to the indicator Sum of Lights.

3.1. Lighted area

The obtained results of this indicator enable an overview of the actual spatial distribution of
the population, where the share of lighted areas indicates increased concentrations of the
population, or depopulated areas. According to the share of lighted areas at municipality level,
it is possible to observe population distribution. Based on the data for 2015 (Figure 1A),
regional disparities are evident. High share of the lighted areas (more than 70%) is registered
in 17 municipalities (8.6%). These municipalities mostly encompass big cities' territory
(Belgrade and Nis). Only eight municipalities are identified with highly lighted areas (90%-—
100%), which represent city core municipalities. Besides the regional disparities and a certain
generalization in the derivation of the indicator (in relation to size of the local territory), this
indicator also shows a population distribution within a municipal territory. High values of the
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lighted areas indicate a more balanced distribution of the local population, while low values
indicate a concentration of the population in smaller areas, usually urban settlements that are
characterized by higher population and housing density. In this regard, the aforementioned
municipalities in the regions of the cities of Belgrade and Nis are highly populated and have
good and balanced population distribution.

On the other hand, municipalities with a small share of lighted areas are dominantly
located in the south of the country (Figure 1A). In 13 municipalities (6.6%), lighted areas
cover less than 10% of the municipal territory. These municipalities are located in mountain
and border areas. This fact shows that these municipalities are less populated with
pronounced population concentration in municipal centers. About 80% of the
municipalities in Serbia with less than 50% of lighted areas recorded a similar trend—
population shrinkage and polarization at the local level. Also, central regions are usually
characterized with prosperous economic, social, and cultural features, opposite to the
periphery regions (Shishmanova, 2010).

Highly pronounced disparities are obvious observing the five-year average share of the
lighted areas at the municipality level (Figure 1B). The areas with the largest representation of
lighted areas are: the City of Belgrade (Surcin, Grocka, Barajevo, and Lazarevac), Novi Sad, Nis,
and some municipalities in Kosovo and Metohija (e.g. Kosovo Polje). The share of the lighted
area in these municipalities reaches more than 80% of the territory. In accordance with these
results, identified municipalities are the most populated (cities’ territory) or characterized by even
distribution of local population. According to the Census 2011 (Statistical Office of the Republic
of Serbia, 2014), the City of Belgrade recorded a population increase of 5% (Zemun, Zvezdara,
Rakovica, and Surcin). Although this is the only region in which population growth occurs, the
greatest contribution to the positive growth rate is the positive rate of the migration balance
(PBurdev & Arsenovi¢, 2015). However, in the period 2011-2018, an increase of only 18,000
inhabitants was recorded which indicates stagnation in the number of inhabitants.

More balanced population distribution within the municipality and a moderate share of
the lighted areas are noticed in Pomoravlje, Madva, and Kosovo and Metohija. Further from
the central axis (corridor) and big cities, lighted areas are decreasing (Figure 1B). One quarter
of the municipalities (49) are within less than 10% of the lighted area. Some of them are
traditionally depopulated areas (Crna Trava, Gadzin Han, Bosilegrad, Kursumlija, etc.), while
others are located in the border zone (Trgoviste, Bela Palanka, Krupanj, Ljubovija, Priboj, Gora,
etc), and in mountain areas (Nova Varos, Sjenica, Ivanjica, Kucevo, Zagubica, Majdanpek,
Svrljig, Blace, etc). Uneven distribution of the population in these municipalities, particularly in
favor of urban areas, is obvious (Luki¢, 2011). Rural areas have been depopulated as a result
of previously unregulated development (Drobnjakovi¢, 2019). As Shishmanova (2010, p. 93)
refers, “the center—periphery problem arises when the integration, harmony, and balance are
seriously disturbed or entirely missing in such relationships as: administrative center-the rest
of the settlements, town-village or urbanized-rural regions, town center—suburbs, etc.” These
areas are affected with aging and depopulation processes, which is most obvious in Zajecar
and Pirot districts with aging index higher than 1.8 (Magdaleni¢ & Galjak, 2016). Low values of
the lighted areas reflect the existence of the pronounced poles of the population
concentration as well.
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Figure 1. Lighted area at municipality level, 2015 (A) and Annual average of lighted area at the
municipality level, 2015-2019 (B).

Observing the radiance of nighttime lights in Serbia at the micro level, it is obvious that the
increased concentration of population is limited to the big cities’ areas (Belgrade, Novi Sad, Ni§,
Pritina, and regional centers) (Figure 3). Regarding regional perspective, the polarization is more
emphasized in the southern regions of Serbia, while the lighting, as well as population
distribution, is homogenized in Vojvodina region. Factors that lead to mention population
distribution are various, related to the morphometry of the terrain, formation of the settlement,
spatial organization, infrastructure, as well as some historical heritage (Drobnjakovic et al., 2021;
Gaji¢ et al,, 2018; Kruni¢, 2012). Furthermore, considering the spatial distribution of lighted areas
in Figure 3 (spatial resolution = 500 m), all the aforementioned factors and processes can be
determined for areas independent of the official territorial organization (settlements,
municipalities, etc.). Also, it can serve as a foundation for deriving new indicators regarding
population distribution and activity. Concerning official population data in Serbia (e.g., Census),
with decadal (or more) temporal dynamics of publishing, these data can help to better
understand the spatial aspect and expression of the processes of interest.

According to the share of the lighted areas at a settlement level, about 9.45% of
settlements (446) recorded more than 80% of settlements’ territory (Figure 2). Urban
settlements, municipal centers and peri-urban settlements dominated in this group of
settlements, but some tourist centers, transit settlements, or industrial centers are embedded
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in this group as well. The nighttime lights are more intensive in these settlements, above 100
nW cm= sr' (Figure 3). That is especially related to peri-urban area of big cities, particularly
to the City of Belgrade, which was, as Spalevi¢ (2013) explains, exposed to several phases of
transformation in previous decades and today is characterized by continuous immigration
process, functional transformation, unsupervised informal construction, conversion of
agricultural land, and significant daily circulation of the population toward the city core. Once
again, the results show that the level of urbanity is strongly related to the concentration of the
population (Drobnjakovi¢ & Spalevi¢, 2017).
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Figure 2. Share of settlements according to lighted areas (%), 2015.

Moderately lighted settlements, with a share of 50%-80%, cover 16.56% (782) of the total
settlements in Serbia (Figure 2). They are characterized by a still substantial urbanity level and
embedded in various settlement types—smaller municipal centers, local secondary developmental
centers, or settlements with emphasized tourist and non-agricultural function (Drobnjakovi¢, 2019).

On the other hand, a low intensity of nighttime lights dominates (Figure 3). Settlements
with lighted areas less than 50% of territory counted for about 74% (3,493). Settlements with
a low representation of lighted areas (26.73%, less than 10%), up to those in which they are
almost not registered (13.4% have the value 0% and 20.31% have up to 5%), are most
widespread in the peripheral and rural parts of the country. In that respect, the most affected
settlements are in Southwest Serbia, in the contact zone with Kosovo and Metohija, Stara
Planina Mt. area, the border area of Southeast Serbia, the Homolje Mt. area, Branicevo in
Eastern Serbia, and Valjevo Mt. area in Western Serbia (Figure 3). Settlements with unfavorable
natural characteristicc as well as with unfavorable age structure, are threatened by
spontaneous abandonment (Penjisevi¢, 2012), especially along the border and in the mountain
areas (Babovic¢ et al., 2016; Milosevi¢ et al.,, 2010, 2011; Stamenkovi¢ & Gatari¢, 2006).

Similar tendency is noticed at the local level in the relation center—periphery of a
municipality. Some of these settlements in the southern part of the country are traditionally
depopulated (Drobnjakovi¢, 2019; lli¢, 1989; Zdravkovi¢, 2016) and with the most unfavorable
features regarding fertility rate, migration pattern, aging, and age population structure
(Devedzi¢ & Stojilkovi¢ Gnjatovi¢ 2015; Burdev & Arsenovi¢, 2015; Nikitovic et al., 2015; Peneyv,
2005; Penjisevi¢, 2012; PenjiSevi¢ & Nikoli¢, 2011; Stojilkovi¢, 2011).
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3.2. Sum of lights

The second indicator—Sum of lights, shows the total radiance in an area, usually used to
indicate population concentration and economic activity in an area. So, based on the intensity
of the nighttime lights, spatial patterns have been identified (Figure 3). Observed in a longer
period of time, this indicator highlights the directions of population and development
expansion, as well as the abandoned and depressive areas.

According to the nighttime lights intensity in 2015 at the municipality level, the spatial units with
the highest intensity were identified, as well as those in which the radiance is of the lowest intensity.
A generalized image of Serbia is very heterogeneous according to this indicator. The highest light
intensity according to data was identified in the City of Novi Sad, Pancevo, the municipalities of the
City of Belgrade (Novi Beograd, Palilula, Zemun, Cukarica), Subotica, Kragujevac, and Kraljevo with
more than 10,000 "W cm sr™" (Figure 4A). High nighttime light intensity (more than 5000 "W cm™
st was recorded in 19 municipalities. Some of them are located in Belgrade region (Vozdovac,
Surcin, Lazarevac, Grocka, Zvezdara, Obrenovac), while the others are regional centers in different
parts of Serbia (Valjevo, Cacak, Novi Pazar, Sabac, Sremska Mitrovica, Leskovac, Priétina, Krusevac,
and Zrenjanin). The concentration of population and activities identified in these municipalities are
at the highest level in Serbia. The most populated municipalities are located in the City of Belgrade,
which is generally ten times larger than the city Novi Sad (Drobnjakovi¢ & Spalevi¢, 2017). Regional
centers act as a pull factor in the previous internal migration movements (Nikitovi¢ et al., 2015). City’
municipalities in Belgrade region have the highest net migration rate (Zvezdara 13.3, Vozdovac 10.7,
Surcin 8.9, and Palilula 8.8) (Statistical Office of the Republic of Serbia, 2020). Some of these
municipalities represent unique vital parts of the country with rarely positive natural growth, like Novi
Sad and Novi Pazar (Purdev & Arsenovi¢, 2015). On the other hand, the light intensity indicates
activity concentration and indirectly a level of the development of the municipalities. The majority of
the mentioned municipalities are strong economic and labor centers (Shishmanova, 2010;
Drobnjakovi¢ et al., 2015) with achieved development level above the Republic's average (Uredba o
utvrdivanju jedinstvene liste regiona i jedinica lokalne samouprave za 2014. godinu, 2014).

Municipalities with moderate intensity of nighttime lights are most representative with
52.79% (104). They are widespread all over the country (Figure 4A). However, in approximately
33% of all the municipalities, a low nighttime light intensity—below 1000 nW cm™ sr”'—has
been recorded. In this group, three municipalities recorded the lowest values, up to 100 nW
cm™ sr™' (Novo Brdo, Crna Trava, and Zagubica). These municipalities are demographically
endangered due to economic motivated migration abroad, continuous negative natural
growth, and low fertility rate (Arsenovi¢ et al, 2018). There are 19 municipalities with low
nighttime light intensity—100-500 nW c¢m™ sr™". This group embedded municipalities which
are small by population size and with insignificant economic development (Razanj, Ljubovija,
Ci¢evac, Zitorada, Blace, Bojnik, Gadzin Han, etc.), border municipalities (Krupanj, Bosilegrad,
Trgoviste, Medveda, Mali Zvornik, etc.), and some of them located in Kosovo and Metohija
(Strpce, Stimlje, Kosovska Kamenica). Their economic development does not attract a massive
population, which reflects in insignificant radiance. In 21.83% of all the municipalities, a
nighttime light intensity of 500-1000 nW cm™ sr™' was recorded. This group is characterized
by unfavorable economic development (former industrial centers—Priboj, Majdanpek, Nova
Varo$, Vladicin Han, etc.) and low centrality level (Lapovo, Malo Crnice, Titel, Coka, Plandiéte,
Osecina, Vladimirci, Secanj, Mionica, Istok, etc.). They were faced with intensive emigration in
the previous period or a development limited by big cities' influence (Kokotovi¢ Kanazir, 2016;
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Luki¢, 2011). For that reason, concentration of population and activities is low, as well as the
identified radiance.
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Figure 4. Sum of lights at the municipality level, 2015 (A) and Annual average of Sum of lights at the
municipality level, 2015-2019 (B).

Annual average shows a more homogenized image of Serbia. Observed in a five-year
period, the relation of developmental poles and less developed areas has been maintained,
with a tendency to mitigate differences at the level of larger spatial units (Figure 4B). There is
a somewhat increased intensity of light in significant regional centers (Uzice, Cacak, Kraljevo,
Kragujevac, Jagodina, Bor, Vranje, and Pirot) and in some economic transitional municipalities
(Priboj, Nova Varos, Kikinda, Zajecar, Negotin, Boljevac, Vriac, Kovin, Loznica, Sombor, etc.).
It is obvious that the dispersion of population and activities is increasing and it is gradually
shifting depopulation and economically depressed areas, which can lead to positive
development transformations over a longer period of time.

The total radiance in the area of Serbia illustrates the clear difference between "developed
north” and “undeveloped south” (Figure 3). In 77 settlements (1.63%) nighttime light intensity
was more than 1000 nW cm™ sr™" (Figure 5). The strongest light intensity was registered in
Belgrade and Novi Sad inner city areas and in Pancevo, with more than 10,000 nW cm™ sr™.
In Subotica, Kragujevac, Cacak, Zrenjanin, and Kraljevo the light intensity was higher than 4000
nW cm™ sr' and it was similar in some bigger regional centers (Smederevo, Valjevo,
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Pozarevac, etc.), as well. In the south of the Peripannonian realm, the level of lighting
decreases drastically, which indicates that the overall population and activity are concentrated
around these two cities and labor centers, as well as several other regional centers (Nis,
Kragujevac, Cacak, Krusevac, Pristina, Leskovac, Novi Pazar, and Subotica).
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Figure 5. Share of settlements according to the intensity of nighttime lights (%), 2015.

In 84.94% of the recorded settlements’ nighttime light, the intensity was up to 100 n\W cm™ sr!
(Figure 5). The weakest radiance, up to 10 n\W cm™ sr™, was recorded in 43.10% of settlements. The
absence of radiance was noticed in 15.42% of settlements (728) and insignificant radiance in 4.32%
(204). These 932 settlements are located at the very south of the country—on the border line with
Kosovo and Metohija, along the southeastern and southwestern border line, and in the mountain
area of the Valjevo mt, Stara planina, and the Homolje mt. Selected areas are dominantly faced with
depopulation and low economic activity. Highly representative are the settlements with still low
radiance, 10-50nW cm™ sr™", about 31% (Figure 5). Moderate nighttime light intensity, 100~1000 nW
cm? sr, was recorded in 13.43% of settlements. Generally, the territory of Serbia emitted low
nighttime light intensity, except in the highly urban areas and peri-urban fringe (Figure 3). The given
image is a product of a very complex interrelation of various factors, such as terrain morphometry
(MiloSevi¢ et al, 2010, 2011), historical circumstances and settlement genesis (Drobnjakovi¢ &
Spalevi¢, 2017), uncontrolled processes of urbanization, industrialization, and deagrarization
(Shishmanova, 2010; Spalevi¢, 2013), etc.

4. Conclusion

This paper is focused on the new possibilities and innovative research approaches for the
identification of spatial and temporal patterns and changes in population distribution. The
authors used nighttime lights to "catch” the population distribution and its changes in the
territory of Serbia in a clear and colorful way.

The results of the conducted analysis follow the conclusions of already existing knowledge
and research results on population and activities based on official statistical data. This research
justified a complementarity between traditional and alternative data with higher temporal and
spatial sensitivity and accuracy. As it is shown, areas with a high share of lighted areas are
dominantly urban and the most populated, which indicate a positive relation between lighting
and urbanity. Observing the period 2015-2019, the polarization in population distribution was
emphasized, which was indicated by the share of lighted areas in the municipalities. On the
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other hand, traditionally depopulated areas were confirmed once again with a low share of
lighted areas. The nighttime light intensity pointed to the division on the developed and
populated north and depressive and depopulated south of Serbia. Nighttime light data
showed that “dark has fallen in Serbia”. Low nighttime light intensity was detected in
peripheral and rural parts of the country, as well as in smaller urban centers.

The additional contribution of this research, besides the results and conclusions
mentioned above, is that the authors conducted the analysis at local or municipality level for
the purpose of the review of population distribution and concentration. That is an important
step toward better and more frequent use of this method, which has been generally used so
far at the national or regional level. On the other hand, this research implicates the possibilities
and advantages of the nighttime lights as an additional or alternative dataset for monitoring
the population dynamics, which is complementary to traditional data sources but more
temporally and spatially accurate.

The identified spatial and temporal patterns in population activity and distribution (Figure 1
and 4) validate the utilization of nighttime lights dataset in the population studies for the territory
of Serbia. Besides, comparative use with the official statistics can bring new insight and can
complete the existing resources for studying this issue. Nighttime light data (Figure 3) can fill
potential gaps in data coverage from other sources and/or can be used for study areas defined
according to special requirements. The annual average derived from monthly time series of
nighttime lights implies their potential usage in studying more specified processes and
phenomena with short-term dimensions. Limitations and shortcomings of nighttime lights are
predominantly related to three research aspects. The first is the time coverage and short available
time series (since 2012 VIIRS datasets are with higher resolution). The second is related to a certain
level of noise in nighttime light data due to light contamination from various sources and/or
capability of satellite sensors to capture individual sources of light, especially in low populated
areas. The third limitation is hidden in the process of indicator derivation, which enhances a certain
level of generalization for observing a phenomenon at a municipality level.

Additionally, these data can be used together with other georeferenced spatial layers
(about physical and social environment) bringing new information in this research field. In this
regard, the introduction of this tool in population studies offers a wide research insight into
various phenomena and processes regarding population and human activities.

Extensive scholarly experience successfully confirmed the use of nighttime lights in various
research fields, which contributed to methodological simplification for the verification of their
use. The results of this research confirmed the assumption that nighttime lights could be used
as an accurate and significant proxy for investigating population processes as well. The
obtained results opened new research possibilities in the field of population distribution,
dynamics, urban studies, spatial planning, etc.
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