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ABSTRACT

This study proposed a method for detecting vegetation changes and establishing geospatial 
management zones based on the 10-year phenology analysis using normalized dif ference 
vegetation index (NDVI) long-term trends from Landsat 8 multispectral imagery in Nature 
Park Kopački rit. The main components of the proposed method include phenology analy-
sis and NDVI anomaly detection supported by unsupervised k-means classification of vege-
tation management zones. The reference monthly NDVI values (2013–2019) with three test 
years (2020–2022) strongly indicated very high heterogeneity in vegetation activity. A 100 
m spatial resolution and a monthly temporal resolution were used. The results of unsuper-
vised k-means classification in five vegetation activity classes indicated that three of these 
classes have considerably high negative NDVI anomalies, covering 64.1% of the study area. 
While the proposed method ensures the detection of vegetation changes and vegetation 
activity zones, a comprehensive field observation is required to determine the potential en-
vironmental and/or anthropogenic causes. However, the proposed approach significantly 
reduces the need for extensive fieldwork, allowing biologists to focus their ef forts on areas 
with detected abnormal vegetation activity.

KEYWORDS

 ▶ vegetation activity
 ▶ “npphen” package
 ▶ management zones
 ▶ phenology analysis
 ▶ normalized dif ference 

vegetation index (NDVI)
 ▶ k-means classification

Introduction

Detecting changes in vegetation within protected natural 
areas is critical for environmental monitoring, conserva-
tion, and management (Slingsby et al., 2020). Vegetation is 
a key indicator of ecosystem health, biodiversity, and envi-
ronmental change, which is of special importance in man-
aging protected natural areas (Wang et al., 2020). Chang-
es in vegetation patterns can indicate a variety of ecological 
disturbances, including wildfires, invasive species, or hu-

man-caused impacts such as land use change. Conserva-
tionists, land managers, and policymakers can use timely 
and accurate detection of these changes to develop effective 
mitigation solutions and maintain the biological integrity of 
protected areas (Elsen et al., 2023). Monitoring vegetation 
dynamics also provides significant insights into the effects 
of climate change, as changes in plant composition and 
phenology are often associated with changing climate pat-

http://www.dgt.uns.ac.rs/en/homepage/pannonica/
mailto:dradocaj%40fazos.hr?subject=


Geographica Pannonica | Volume 28, Issue 4, 238–249 (December 2024)Dorijan Radočaj, Ivan Plaščak, Mladen Jurišić, Ivana Majić,  
Siniša Ozimec, Ankica Sarajlić, Vlatko Rožac

| 239 |

terns. The invasive species (ElMasry & Nakauchi, 2016), and 
human-caused events such as land-use changes (Ntukey et 
al., 2022) can cause changes in vegetation that can have a 
major impact on biodiversity and overall ecological balance. 
The emerging threats can be timely addressed by identify-
ing these changes in real-time using advanced monitoring 
technologies such as remote sensing (Khanal et al., 2020). 
This proactive strategy enables the adoption of specific con-
servation measures, such as habitat restoration, invasive 
species control, or wildfire management, to reduce the im-
pact of disturbances. In addition, the data provided by veg-
etation change detection supports evidence-based deci-
sion-making for land-use planning and policy-making that 
promotes the protection of natural areas (Bell et al., 2023). 

Remote sensing technologies, especially open data satel-
lite imagery, have greatly improved the ability to detect rap-
id changes in vegetation over multiple geographic and tem-
poral scales (Radočaj et al., 2020). Such developments allow 
for early intervention and adaptive management and con-
tribute to the overall sustainable management of protected 
natural areas, ensuring the survival of various ecosystems 
and their essential ecological services (Li et al., 2020). This 
high spatial and spectral resolution enables precise mon-
itoring of plant cover and the detection of small changes 
that may indicate disturbance (Ustin & Middleton, 2021). 
In addition, its temporal resolution enables multiple sens-
ing to the same region, allowing the detection of phenolog-
ical patterns that represent seasonal changes in vegetation 
over time. Phenology analysis is critical for determining the 
timing of key life cycle events such as f lowering and leaf 
emergence, which are sensitive markers of environmen-
tal change (Dronova & Taddeo, 2022). However, it requires 
long-term satellite imagery to establish long-term trends in 
vegetation activities, for which Landsat missions provide 
stable and historically available data since 1972 (Hemati et 
al., 2021). Using Landsat multispectral imagery for phenolo-
gy analysis improves the ability to detect and interpret rapid 
changes in vegetation, resulting in a more complete under-
standing of biological changes within protected areas. This 

knowledge is critical for making informed conservation de-
cisions, as it helps to establish adaptive management meth-
ods tailored to the unique biological needs of protected nat-
ural areas (Roux et al., 2021). 

The use of vegetation indices for ecological studies, in-
cluding phenological analysis, requires careful evaluation 
of individual study objectives and environmental factors 
(Poggi et al., 2021). While indices such as the enhanced veg-
etation index (EVI), normalized difference red edge vege-
tation index (NDRE), and soil adjusted vegetation index 
(SAVI) have distinct advantages, the normalized difference 
vegetation index (NDVI) remains the preferred option for a 
phenology analysis due to its standardized [-1,1] value range 
and well-documented relationship of its values to vegeta-
tion health and vigor (Misra et al., 2020; Torgbor et al., 2022). 
NDVI has proven successful in capturing the many pheno-
logical phases of vegetation, such as green-up in spring and 
senescence in fall (Zeng et al., 2020). Its sensitivity to chlo-
rophyll concentration makes it a reliable indicator of plant 
photosynthetic activity, and thus an effective proxy for 
phenological shifts. Moreover, a recent study showed that 
these indices mutually produce a significant level of multi-
collinearity, indicating that there are only minor differenc-
es in their use for assessing vegetation health (Radočaj et 
al., 2023). The simplicity and ease of understanding of the 
NDVI makes it generally relevant across different ecosys-
tems, facilitating comparisons across studies. While pre-
vious studies thoroughly evaluated various vegetation in-
dices as a part of phenology analysis (Granero-Belinchon et 
al., 2020; Hu et al., 2021; Zhou et al., 2020), there has been a 
research gap in developing the methodology to detect vege-
tation changes and establish geospatial management zones 
for effective vegetation monitoring and management. 

To address this research gap, the objective of this study 
is to propose a straightforward and robust method of de-
tecting vegetation changes utilizing Landsat 8 multispec-
tral imagery for phenology analysis during 10 years (2013–
2022) for protected Nature Park Kopački rit in eastern 
Croatia.

Data and methods

The proposed method of detecting vegetation changes 
utilizing Landsat 8 multispectral imagery for phenology 
analysisconsists of three major steps: 1) acquiring and pre-
processing of Landsat 8 multispectral imagery; 2) phenol-
ogy analysis and NDVI anomalies detection; and 3) unsu-
pervised classification of vegetation management zones 
(Figure 1).

Study area
Nature Park Kopački rit covers 177 km2 of ecologically di-
verse wetland region situated in eastern Croatia along the 

Danube River (Figure 2). Dominant vegetation includes 
forests of white willow in the f loodplain, while slightly el-
evated areas support forests of black poplar and pedun-
culate oak (Šag et al., 2016). Aquatic vegetation thrives in 
the park’s numerous water bodies, with communities of 
duckweed, water lilies, and bulrushes prevalent. The park 
is crucial for preserving the ecological balance of the area, 
maintaining migrating bird populations, and providing 
nesting habitats for various species (Bjedov et al., 2023). 
Identifying changes in vegetation is crucial for monitoring 
ecosystem health and detecting potential dangers such as 
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invasive species, habitat loss, or water quality deteriora-
tion. Early identification of these changes enables timely 
implementation of adaptive management strategies and 
interventions to minimize negative effects and preserve 
the ecological integrity of Nature Park Kopački rit.

Landsat 8 multispectral imagery and preprocessing 
The Landsat 8 Surface Ref lectance (SR) imagery under-
went preprocessing using a cloud masking approach af-
ter obtaining the Landsat 8 satellite imagery from Goog-
le Earth Engine (Gorelick et al., 2017). The time frame for 

filtering available imagery was set from 1 January 2013 to 
31 December 2022, leaving only satellite scences with less 
than 75% overall cloud cover. The cloud masking function 
utilized various masking approaches to filter out unreli-
able pixels affected by cloud cover or sensor saturation, 
such as Quality Assessment (QA) and Radiometric Satu-
ration (RADSAT) values (Pereira et al., 2020). The spatial 
resolution of calibrated Landsat 8 bands was resampled 
to the 100 m spatial resolution in the Croatian Terrestri-
al Reference System (HTRS96/TM) prior to the phenology 
analysis. The NDVI was calculated using red (band 4) and 

Landsat 8 surface
re�lectance

Normalized di�ference
vegetation index (NDVI)

2013–2022
NDVI time series

NDVI anomalies Delineated vegetation
management zones

Filtering for cloud cover
Cloud masking
Resampling to 100 m spatial resolution

Calculation of projected
annual phenological cycle

Reference
period

K–means clustering

2013–2019 data 2020–2022 data

Figure 1. Flowchart of the study

Figure 2. Study area of the Nature Park Kopački rit
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near-infrared (band 5) Landsat 8 bands, using a normal-
ized difference formula (Zeng et al., 2020). It was select-
ed as a vegetation index for phenology analysis, as its for-
mulation increases the sensitivity of the index to changes 
in chlorophyll content, canopy structure, and overall veg-
etation vigor using the scale range from -1 to 1 (Eisfelder 
et al., 2023; Garroutte et al., 2016). In addition, NDVI’s 
widespread use in ecological studies and its compatibility 
with historical satellite data make it an excellent choice for 
long-term phenology monitoring, allowing researchers to 
evaluate vegetation trends and changes over extended pe-
riods of time (Granero-Belinchon et al., 2020). 

Table 1. provides a comprehensive overview of the num-
ber of Landsat 8 images utilized in the study per month 
and year from 2013 to 2022. The data reveal variations in 
the number of Landsat 8 images acquired over the study 
period, ref lecting factors such as satellite availability, 
cloud cover, and operational considerations. Overall, the 
number of Landsat 8 images used in the study ranges from 
25 to 33 per year, with slight f luctuations observed across 
different years. Months with higher counts of Landsat 8 
images, such as July and August, indicate periods of more 
frequent satellite acquisitions, inf luenced by favorable 
weather conditions and lower cloud cover. Conversely, 

Table 1. The number of valid preprocessed Landsat 8 images per month during the study period of 
2013–2022

Month Study year

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

January 0 3 0 1 4 2 2 2 2 4

February 0 1 1 2 2 1 2 3 2 1

March 0 2 4 3 3 1 4 3 2 2

April 1 2 3 2 2 2 2 3 3 3

May 3 2 2 2 3 4 1 3 4 3

June 3 2 4 3 3 3 4 2 4 4

July 5 4 3 4 4 3 3 3 4 3

August 4 4 3 4 4 4 4 4 3 2

September 4 1 3 2 1 2 3 4 2 1

October 3 2 1 0 3 1 3 1 2 3

November 1 2 2 1 1 1 2 2 3 1

December 4 1 3 3 3 1 3 1 2 0

Overall 28 26 29 27 33 25 33 31 33 27

Figure 3. The representation of Landsat 8 images before and af ter harmonization using “npphen” package, having the issues of: a) 
dominant cloud cover, and b) missing images with less than 75% overall cloud cover across large intervals. Harmonized vegetation 
indices displayed on the bottom represent resulting rasters from phenology analysis
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months with lower counts, such as January and October, 
suggest periods of reduced satellite availability or higher 
cloud cover, limiting the number of usable images.

However, since the availability of cloud-free Landsat 8 
images varies across the long-term periods, the phenolo-
gy analysis for the creation of harmonized monthly NDVI 
rasters was required (Figure 3). The harmonization process 
within the “npphen” package involved aligning NDVI val-
ues across different images to account for seasonal chang-
es and resampling them to the uniform grid system due to 
presence of multiple Landsat 8 tile grids.

Phenology analysis and ndvi anomalies detection
The “npphen” R package was used for phenology analysis 
and detecting anomalies that indicate vegetation changes 
(Chávez et al., 2023). Designed to maximize the potential 
of satellite-derived vegetation indices, “npphen” facilitat-
ed the extraction of phenological metrics such as season 
start, season end, and season peak, which are crucial 
for understanding vegetation dynamics. It also included 
anomaly detection techniques that allowed finding devia-
tions from predicted phenological patterns from the refer-
ence seven-year period that indicate rapid changes in plant 
activity. However, since it was released very recently, there 
is very restricted documented research on “npphen” appli-
cation in research studies. The “npphen” time series anal-
ysis capabilities allowed a systematic evaluation of tempo-
ral patterns in vegetation indicators, revealing changes in 
phenological cycles caused by disturbances such as wild-
fires, disease outbreaks, or anthropogenic impacts (Estay 
et al., 2023). The ability to detect anomalies using “npphen” 
enhanced the ability to quickly detect and respond to eco-
logical disturbances, which helps in the development of 
targeted conservation and management plans for protect-
ed natural areas. As a comprehensive and user-friendly 
tool, “npphen” made a significant contribution to phenol-

ogy research and monitoring by providing essential in-
sights into ecosystem health and resilience (Chávez et al., 
2023). Using Landsat 8 long-term imagery, the approach 
was based on calculating the projected annual phenolog-
ical cycle using raster stacks of vegetation indices or time 
series. The method efficiently captured the distribution 
of NDVI values over time by utilizing a bivariate kernel 
density estimator (Wand & Jones, 1994). From the 10-year 
study period, seven years during 2013–2019 were selected 
as the reference period for the phenology analysis, provid-
ing a basis for the anomaly detection for each year in the 
remaining three-year test period during 2020–2022.

Unsupervised classification  
of vegetation management zones
The final delineation of vegetation management zones 
within the Kopački rit Nature Park was based on the sum 
of NDVI anomalies between 2020 and 2022, using the R 
package “terra” (Hijmans et al., 2024). K-means cluster-
ing, a data-driven approach that divided the study area 
into discrete groups based on similarities in NDVI anom-
aly patterns, was utilized without the requirement for 
pre-defined training samples. K-means clustering is an ef-
fective geospatial approach to identify spatially coherent 
zones that display similar vegetation dynamics and anom-
alies based on NDVI anomaly data collected over the long 
term (Ahmed et al., 2020). This method also distinguished 
locations that consistently face vegetative stress or are re-
silient to environmental changes from other sites with 
unique phenological features (Silveira et al., 2022). The ac-
curacy and dependability of vegetation management zone 
delineation were improved by adding NDVI anomalies 
over a multi-year period, which provided a strong founda-
tion for capturing long-term trends and variability in veg-
etation dynamics.

Results

The boxplots in Figure 4 after outlier removal using the 
interquartile range approach present that the reference 
study period produced comparatively lower median NDVI 
values for the majority of months in comparison to each 
of the test years. Most notably, NDVI value ranges during 
January–April 2020 were notably lower than both the ref-
erence period and the other two years in the test period. 
However, it also produced the highest median NDVI val-
ues during August–December, which reinforces the ne-
cessity of observing multiple years in the phenology anal-
ysis, as diverse environmental and anthropogenic effects 
might affect the long-term trends in vegetation activity.

Figure 5 displays representative NDVI anomalies for 
each of the test years, indicating diverse vegetation change 

cases. While their occurrence in the western part of the 
study area is justified by the presence of arable cropland 
and the effect of crop rotation systems, there is a necessity 
for extensive field monitoring to detect the causes of veg-
etation anomalies without an apparent cause. Moreover, 
since high anomalies for arable cropland are expected due 
to crop rotation systems, the cause for vegetation anoma-
lies at those areas is known. All three representative NDVI 
anomalies also produced distinctively lower NDVI values 
for most of their respective test years, following a more 
normalized trend according to the long-term NDVI trend 
based on the reference period. 

Table 2. presents an interpretation of NDVI anoma-
lies across five classes produced by k-means unsupervised 
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classification and their respective areas within the study 
area over the years 2020, 2021, and 2022, along with their 
average values. The NDVI anomalies provided in the ta-
ble represent class centers from k-means classification re-
sults from test years. NDVI anomalies were categorized 
into five classes based on their magnitude: extremely 

negative, moderately negative, slightly negative, neutral, 
and positive NDVI anomalies. The negative NDVI anom-
alies, including extremely, moderately, and slightly nega-
tive categories, exhibit decreases in vegetation greenness 
compared to the reference period, with extremely negative 
anomalies indicating the most severe declines. Converse-

Figure 4. The boxplots of monthly NDVI values for the reference period (2013–2019) and three test years (2020–2022)  
with removed outliers
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ly, positive NDVI anomalies denote increases in vegeta-
tion greenness and primarily contain arable cropland and 
water bodies. The table illustrates notable variations in the 
magnitude and distribution of NDVI anomalies across the 
study period. For instance, the area affected by extreme-
ly negative NDVI anomalies experienced a substantial in-
crease from 2020 to 2022, reaching its peak in 2022. Con-
versely, moderately negative NDVI anomalies displayed 
f luctuations over the years, with a significant decrease 
observed in 2022 compared to the previous two years. 
Slightly negative NDVI anomalies exhibited a decreas-

ing trend over the study period, with the area affected de-
clining sharply from 2020 to 2021 and almost disappear-
ing in 2022. Neutral NDVI anomalies showed f luctuations 
over the years, with a notable increase in 2021 compared 
to 2020 and a subsequent decrease in 2022. Positive NDVI 
anomalies demonstrated an overall increasing trend, par-
ticularly notable in 2021, indicating improvements in veg-
etation greenness compared to the baseline. The resulting 
five vegetation activity classes based on the sum of month-
ly NDVI anomalies during test period are displayed in Fig-
ure 6.

Figure 5. The example NDVI anomalies for each of test years based on their monthly sum,  
indicating vegetation changes

Table 2. The results k-means unsupervised classification of NDVI anomalies during test years and corresponding 
statistics in five vegetation activity classes

Classes
NDVI anomalies

Area (%)
Annual sum (2020) Annual sum (2021) Annual sum (2022) Average

Extremely 
negative NDVI –13598 –8770 –34921 –19097 4.9%

Moderately 
negative NDVI –17768 –7965 –10917 –12217 15.2%

Slightly negative 
NDVI –14916 –4606 –77 –6533 44.0%

Neutral NDVI –8599 1355 –687 –2643 28.3%

Positive NDVI 3273 15527 15908 11569 7.5%
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Discussion

The results from this study proved that the combination of 
Landsat 8 data with the NDVI allows for phenology anal-
ysis to identify anomalies and track vegetative dynamics 
in protected areas. The vegetation anomalies were deter-
mined individually for years 2020, 2021 and 2022 based on 
the reference period between 2013 and 2019. The long-term 
phenology studies provide insights into ecosystem health, 
resilience, and responses to environmental stresses, par-
ticularly in protected regions where conservation efforts 
are paramount (Cumming et al., 2015). Understanding 
these dynamics can guide management strategies aimed 
at preserving biodiversity and mitigating the impacts of 
climate change. Since NDVI obtained from satellite im-
aging is sensitive to both chlorophyll content and canopy 
structure, it was a reliable indicator of plant health and vi-
tality (Garroutte et al., 2016). The notable application of the 
proposed approach is that it significantly reduces the need 
for extensive fieldwork in phenological studies, allowing 
biologists to focus their efforts on areas with detected ab-
normal vegetation activity. This allows monitoring large 
areas consistently and efficiently, capturing spatiotempo-

ral patterns of vegetation without the logistical challeng-
es associated with ground surveys (Zeng et al., 2020). This 
allows biologists to prioritize field investigations in spe-
cific locations that show significant anomalies, thus opti-
mizing resource allocation and enhancing the effective-
ness of conservation efforts. This targeted approach not 
only streamlines research processes but also improves 
data quality by focusing on areas where ground truthing 
is most needed to validate satellite observations and refine 
ecological models (Azizan et al., 2021). However, in diverse 
landscapes or smaller-scale land use areas, the spatial res-
olution of Landsat 8 imagery may not be sufficient to de-
tect minor changes in plant dynamics. To enhance the de-
tection capabilities of vegetation phenology anomalies, 
additional multispectral datasets with higher spatial res-
olutions, such as Sentinel-2 with spatial resolutions up to 
10 m (Phiri et al., 2020), or commercial high-resolution im-
agery like PlanetScope with resolutions as fine as 3 meters, 
can be integrated (Panđa et al., 2024). Moreover, the cre-
ation of continuous time series records over several dec-
ades aids in identifying long-term environmental chang-

Figure 6. The five vegetation activity classes produced by k-means 
unsupervised classification based on the sum of monthly NDVI 
anomalies during test period
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es in these protected areas. The integration of Landsat 7 
and Landsat 5 data ensures consistency and reliability in 
the long-term monitoring of vegetative changes, allow-
ing for improved continuity in phenology analysis. By en-
abling more comprehensive evaluations of vegetation dy-
namics at smaller spatial scales, these higher-resolution 
datasets allow for the identification of changes in small-
er land cover features or fragmented landscapes. Further-
more, the inclusion of supplementary data, such as mete-
orological characteristics obtained from weather stations 
or reanalysis datasets, strengthens the analysis by pro-
viding insights into the environmental forces that impact 
vegetation dynamics (Pardela et al., 2020). The phenology 
of vegetation is inf luenced by variables such as tempera-
ture, precipitation, and soil moisture, which can be used 
to explain abnormalities identified through multisensory 
analysis (Radočaj et al., 2024). To ensure effective anom-
aly identification in multisensory phenology analysis, the 
temporal resolution of accessible multispectral images is 
just as important as their spatial resolution (Sedona et al., 
2021). Sentinel-2’s frequent revisit time allows for more 
frequent observations than Landsat 8, which is particular-
ly useful for monitoring vegetation dynamics at finer tem-
poral scales. To comprehend the intricate relationships 
between climatic variability and ecosystem responses, it 
is promising to establish a link between monthly anom-
alies in vegetation dynamics and climate data rasters for 
the years 2020-2022. However, this attempt faces difficul-
ties when climate data rasters are regularly provided with 
a time buffer (Fick & Hijmans, 2017; Karger et al., 2017), re-
sulting in temporal misalignment between the two data-
sets. To align climatic data with vegetation observations, 
several techniques can be used, such as statistical mode-
ling to account for temporal misalignment, time lag anal-
yses to identify delays between climatic events and vege-
tation responses, temporal aggregation or interpolation 
of climate data to match the temporal resolution of veg-
etation anomalies, and long-term trend analyses to find 
consistent patterns over several years (Zhao et al., 2020). 
Resolving the temporal discrepancy between vegetation 
anomalies and climate data has the potential to clarify the 
complex connections between ecosystem dynamics and 
climate variability (Jiao et al., 2021). This can ultimately 
improve comprehension of how ecosystems adapt to envi-
ronmental change, despite the difficulties involved.

For phenology analysis in protected areas, using mul-
tispectral satellite images that cover periods longer than 
ten years can likely be beneficial, providing more com-
plete insights into long-term vegetation dynamics and 
ecosystem changes (Li et al., 2017). This allows for more 
detailed identification of trends, patterns, and anoma-
lies in vegetation phenology by tracking phenological 
variations over extended periods of time and establish-
ing thorough baseline information by utilizing histori-
cal satellite data. Long-term phenology studies can en-
hance the understanding of ecosystem health, resilience, 
and responses to environmental stresses as well, par-
ticularly in protected regions where conservation ef forts 
are crucial (Cumming et al., 2015). Continuous time se-
ries records can be created for several decades, aiding in 
the identification of long-term patterns and changes in 
the environment in protected regions. The integration of 
Landsat 7 and Landsat 5 data ensures consistency and 
dependability in the long-term monitoring of vegetative 
changes, allowing for an improved continuity in phenol-
ogy analysis.

The classified maps produced from the NDVI analysis 
can be utilized by Nature Park management for monitor-
ing vegetation health, ecologists for research purposes and 
policymakers for informed decision-making. The maps in-
dicate that significant positive and negative NDVI anoma-
lies may be inf luenced by natural events such as droughts 
and f looding, as well as human activities like deforesta-
tion and urbanization, which should be further explored 
in the field. However, this research relies on statistical out-
puts without adequately exploring the ecological implica-
tions of these anomalies. The study acknowledges sever-
al limitations that could affect the results. First, months 
with little or no data can introduce biases in NDVI calcu-
lations, leading to inaccurate assessments of vegetation 
health. Second, challenges in collecting ground truthing 
data due to accessibility issues may impact the validation 
of remote sensing accuracy. Third, the lack of integration 
of climate data is a significant gap, as NDVI changes can 
result from natural variability rather than abrupt distur-
bances; incorporating data from nearby meteorological 
stations could clarify how climatic factors inf luence veg-
etation dynamics. These limitations should be addressed 
in future studies, which should include ground truth data 
collected in the field.

Conclusion

This study proposed the method of detecting vegetation 
changes based on phenology analysis using Landsat 8 mul-
tispectral images, utilizing phenology analysis for NDVI 
anomalies detection and unsupervised k-means classifi-
cation for the determination of vegetation management 

zones. Overall, the multispectral imagery acquired dur-
ing the 10-year study period in Nature Park Kopački rit in 
eastern Croatia, divided into seven-year reference (2013–
2019) and three-year test periods (2020–2022) produced 
the following observations and conclusions:
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• the zones based on NDVI anomalied can be utilized by 
Nature Park management to monitor vegetation health 
and changes over time, enabling better conservation 
strategies;

• the areas which produced highest and lowest NDVI 
anomalies are recommended to be analyzed compre-
hensively during fieldwork to determine the cause of 
abnormal vegetation activity;

• the phenology analysis based on the long-term Landsat 
8 multispectral imagery using “npphen” R package suc-
cessfully harmonized temporally uneven images into 
systematized monthly NDVI rasters without spatial gaps;

• high heterogeneity was observed for both monthly 
NDVI values and NDVI anomalies after the phenology 
analysis;

• the results of unsupervised k-means classification en-
sured the determination of five vegetation activity 
classes, with three of these classes having considerably 
high negative NDVI anomalies as class centers;

• a comprehensive field observation is required to deter-
mine the potential environmental and/or anthropogen-
ic causes of vegetation changes on areas with extreme-
ly negative and moderately negative NDVI anomalies;

• longer study periods using the proposed methodology 
and combining earlier Landsat images with Landsat 8 
would likely produce additional and more complete in-
formation on the vegetation activity and anomalies in-
dicating vegetation changes to produce more informed 
land management plants of protected areas.
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ABSTRACT

The ‘Water–Energy–Food’ (WEF) Nexus concept is evolving and expanding, as it is essential 
for finding synergies and compromises between these three sectors under climate change 
and for building a green economy. This work aims to present and analyse some indicators of 
the WEF Nexus Index for Bulgaria, according to which the country ranked 66th in the world 
in 2022. The data sources were the publications of the National Statistical Institute, the Min-
istry of Environment and Water, etc. The current study found that most indicators in the 
three pillars objectively assess the country’s water resources, energy, and food sectors. The 
findings reveal a lack of information about the ‘Food’ pillar, resulting in an inability to assess 
this pillar objectively. Additionally, the evaluation of several sub-pillars based on the of ficial 
data shows inaccuracies in the final WEF Index result for the country. This work represents 
the first presentation of the WEF Nexus Index for Bulgaria and continues the authors’ study 
on the dynamics of the water, energy, and food sectors. 
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Introduction 

Although discussions and criticism (Williams et al., 2019) 
about the meaning of the Food-Energy-Water (WEF) nex-
us framework continue (Wichelns, 2017; Pandey & Shres-
tha, 2017), the concept is developing and broadening be-
cause it is crucial for achieving Sustainable Development 
Goals water-, energy-, and food-related (Yue et al., 2021; 
Cansino-Loeza et al., 2021; Proctor et al., 2021; Senzanje 
et al., 2022; Segovia-Hernández et al., 2023), for the tran-
sition toward a green economy (Brears, 2023), and to pro-
mote sustainability (Cansino-Loeza et al., 2022). The WEF 
is a systems-based approach for objectively analysing the 
synergies, conf licts, and trade-offs between these critical 
linkages (Albrecht et al., 2018). This framework is also sig-

nificant because the link between vital water, energy, and 
food systems is essential for efficient governance and se-
curitisation of resources (Leese & Meisch, 2015) to guide 
cross-sectoral policies (Albrecht et al., 2018) for poverty 
reduction. Understanding the links among water, ener-
gy, and food systems can improve climate change adap-
tation strategies (Herrera-Franco et al., 2023) and sustain-
able development of the socio-ecological systems (Jahel et 
al., 2023). The WEF Nexus aligns with the Stockholm En-
vironment Institute’s (SEI) concepts for societal develop-
ment, which focus on integrating the lower socioeconom-
ic classes, enhancing economic efficiency by “creating 
more with less,” and maintaining ecosystem services (SEI, 

http://www.dgt.uns.ac.rs/en/homepage/pannonica/
mailto:nina%40gea.uni-sofia.bg?subject=
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2011). The essence of the water, energy, and food frame-
work is the interconnectedness of the three systems, and a 
change in one sector will have consequences for the others. 
By maintaining an ecologically sustainable balance among 
these critical sectors, the WEF framework can significant-
ly shape future development strategies, particularly in re-
gions where resource security is at risk.

Bulgaria’s available renewable freshwater resources in 
2022 are 15-16 m, less than the reference period 1961-1990. 
The freshwater abstraction for the economic sectors in the 
same year is 5.5 billion m³ cubic meters. Most water is ab-
stracted for cooling processes in the energy sector, 66.4%. 
The water abstracted for water supply (from the water sup-
ply and sewerage) is 14.7%, and for irrigation in agriculture, 
it is 14.3% of all water used for the economy. More than 50% 

of abstracted freshwater in Bulgaria for cooling processes 
in energy production comes from the Danube River. Water 
reserves decrease significantly during the summer-autumn 
period, accounting for 12% and 18% of the annual river run-
off. Over 200 settlements in the country experienced inter-
rupted water supply. The water levels in the reservoirs are 
decreasing, hindering vegetable producers and hydropow-
er generation in run-of-river hydropower plants. The de-
scribed situation creates a need for compromises between 
available water reserves, water supply, hydropower genera-
tion, and irrigation. The state of the link between the water, 
energy, and food sectors in Bulgaria under climate change is 
described by Hristova & Nikolova (2024). The current study 
aims to present and comment on the “water-energy-food” 
index for Bulgaria in the last five years.

Data and Methods

The sources of the data for Bulgaria in the current study 
are the Ministry of Environmental and Water (MOEW), 
the Ministry of Health, the Ministry of Agriculture and 
Food, the National Statistical Institute (NSI), the Execu-
tive Environment Agency (ExEA), Strategy for Sustaina-
ble Energy Development of the Republic of Bulgaria until 
2030 with a horizon until 2050, Strategic plan for the devel-
opment of agriculture and rural areas 2023–2027, Gener-
al strategy for the management and development of hydro 
melioration and protection from the harmful effects of 
water, River Basin Management Plans 2022–2027, Annual 
Report and Comparative Analysis of the State of the Wa-
ter Supply Sector in the Republic of Bulgaria for 2021, Inte-
grated plan in the field of energy and climate of the Repub-
lic of Bulgaria 2021–2030. There is no data in these sources 
for the following indicators: renewable energy consump-
tion and renewable electricity outputs for 2022. There is no 
direct data on sub-pillar “Food Availability” indicators, ex-
cept for cereal yield. The current study does not calculate 
WEF Nexus Index indicators because there is no statisti-
cal data for most indicators in pillar “Food”. The NSI gives 
data for cereal yield in 2021 and CO2 emissions in the same 
year. The lack of information makes it impossible for the 

open-access COIN Tool to be used (Excel-based), and this 
study does not comment on these indicators.

Simpson et al. (2019) developed the WEF Nexus (for 
the countries in the South Africa region), a composite in-
dex with three pillars: water, energy, and food: pillar “wa-
ter” measures access to water resources, availability, and 
quality; pillar “energy” assesses energy access, efficien-
cy, and renewable energy use; and pillar “food” evaluates 
food availability, food security, and agricultural produc-
tivity. Each pillar has two sub-pillars: “access” (for the pop-
ulation’s ability to access resources) and “availability” (for 
the quantity and quality of resources available in the coun-
try) (Fig. 1). Simpson et al. (2019) developed the WEF Nex-
us (for the countries in the South Africa region), a compos-
ite index with three pillars: water, energy, and food: pillar 
“water” measures access to water resources, availability, 
and quality; pillar “energy” assesses energy access, effi-
ciency, and renewable energy use; and pillar “food” evalu-
ates food availability, food security, and agricultural pro-
ductivity. Each pillar has two sub-pillars: “access” (for the 
population’s ability to access resources) and “availability” 
(for the quantity and quality of resources available in the 
country).

Water–access
Sub–pillar

Energy–access
Sub–pillar

Food–access
Sub–pillar

Water–availability
Sub–pillar

Energy–availability
Sub–pillar

Food–availability
Sub–pillar

Energy PillarWater Pillar Food Pillar

WEF Nexus Index

Figure 1. Pillars and sub-pillars of the WEF Nexus Index
Source: Simpson et al., 2023. 
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Results and discussions 

The WEF Nexus Index value for Bulgaria varies between 
58.3 for 2020 and 60 for 2022, placing the country in the 
66th position among the other countries (Table 1). In com-
parison, the highest index was 83.9 for Iceland in 2020.

Bulgaria’s scores by pillars do not vary significantly for 
2019–2023 (Table 2). The numeric index for the water pillar 
alters between 59.9 (92nd worldwide rank) in 2020 and 60.1 
(70th worldwide rank) in 2023, showing progress towards 
achieving goals 6, 7 and 12 of the Sustainable Development 
Goals. The energy and food pillars data for 2023 put Bul-
garia in a lower position than in previous years (Table 2). 

Pillar “Water” 
Sub-pillar: Water Access. The analysis of the first two indi-
cators (01 and 02) in the sub-pillar “Water Access” shows 
that they are objectively evaluated (Table 3). Bulgar-
ia has no settlements without a water supply and sani-
tation system (WSS). According to the “Annual Report 
and Comparative Analysis of the State of the Water Sup-
ply Sector in the Republic of Bulgaria for 2021,” this indi-

cator’s score must be 99.7% (99% in the WEF Index). The 
same number of points must be assigned to the second 
indicator. The third indicator, the degree of integrated 
water resources management implementation, was cal-

culated at 77 points. This estimate needs to be revised 
because Bulgaria implemented the Water Framework 
Directive according to all its requirements: develop the 
River Basin Management and Flood Risk Management 
Plans, and conduct studies and assessments. We agree 
that the score cannot also be 100 points because there is 
no National Real Time Water Management System, coor-
dination between land use and f lood management, and 
centers on increasing the population’s preparedness for 
an adequate response to f loods (for now so far). The last 
facts confirm the need to implement the Food–Energy–
Water Nexus framework: only the coordination and poli-
cy coherence across the several ministries can ef fectively 
implement these activities.

Sub-pillar: Water Availability. The score of the annual 
water extraction is 26.9 (indicator 04), and renewable do-

Table 1. WEF Nexus Index for Bulgaria during 2019–2022 

Year 2019 2020 2021 2022 2023

WEF Nexus Index 58.5 58.3 60.0 60 59.2

Rank 72 78 70 66 69

Source: https://wefnexusindex.org

Table 2. Score and rank of Bulgaria by pillars of the WEF Nexus index, 2019–2023 

Pillar
2019 2020 2021 2022 2023

Score Rank Score Rank Score Rank Score Rank Score Rank

Water 60.5 89 59.9 92 62.2 84 61.7 73 60.1 70

Energy 55.9 67 55.0 68 57.5 66 57.5 68 55.6 75

Food 59.0 53 60.0 60 60.4 62 60.8 66 62.0 61

Source: https://wefnexusindex.org

Table 3. Score by indicators for pillar Water, 2019–2023 

Sub-pillars 2019 2020 2021 2022 2023

Water Access

01. Percentage of people using at least basic drinking water services (%) 99.3 99.1 99 99 99

02. Percentage of people using at least basic sanitation services (%) 86 86 86 72.2 72.2

03. Degree of integrated water resources management implementation (1–100) 60.2 60.9 69 77 69

Water Availability

04. Annual freshwater withdrawals 27.2 26.6 26.9 26.9 24.2

05. Renewable internal freshwater resource per capita. 2.91 2.94 2.98 2.98 3.03

06. Environmental flow requirements (106 m3/annum) 7.8 7.8 7.8 7.8 7.8

07. Average precipitation (mm/year) 608 608 608 608 608

Source: https://wefnexusindex.org

https://wefnexusindex.org
https://wefnexusindex.org
https://wefnexusindex.org
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mestic freshwater resources per capita were at 2.98 (in-
dicator 05). Indicator 04 is objectively estimated. Availa-
ble renewable freshwater resources in Bulgaria, excluding 
external inf low for 1981–2020, is 15,789 million m3 (Na-
tional Statistical Institute, 2022). The renewable internal 
freshwater resource per capita in 2021 is 14,452 m3 with 
the Danube River and 2,936 m3 without the Danube River. 
Furthermore, is that there is no “water stress” in the coun-
try (annual water resources are above 1,700 m3 per capita, 
5.1% for 2021, close to the average for 2000–2019, 6.0%) (Fig. 
2). These two facts raise (or must raise) the score of the 05 
indicator from the WEF Nexus point of view.

The indicator environmental f low requirements score 
of 7.8 (106 m3/annum) for 2021 is wrong. The ecological 
f low in 2019 is 51 106 m3/annum (10% by annual stream-

f low of 20,195.1 × 106 m3 in the same year). The indicator for 
the average precipitation (mm/year) has to rise. The aver-
age precipitation for 1997–2022 in Bulgaria is 632 mm (be-
tween 377.0 and 963.0 mm). The difference with published 
data of 603 mm is insignificant, but it will be better to cal-
culate this indicator for the equal study period in differ-
ent countries. 

Pillar “Energy” 
Sub-pillar: Energy Access. The score for the first two indi-
cators ((% of the population, % of the population) in the 
sub-pillar for energy access is constant in 2019, 2020, and 
2021 (Table 4). There is no reason for the decrease in the 
numeric index from 100 to 99.7 points in 2021 and 2021 be-
cause there has been no change in access to electricity. The 

Table 4. Score by indicators for pillar “Energy”, 2019–2023 

Sub-pillars 2019 2020 2021 2022 2023

Energy Access

08. Access to electricity (% of the population) 100 100 100 99.7 99.7

09. Renewable energy consumption (% of total energy consumption) 17.7 17.7 17.7 19.3 21.1

10. Renewable electricity outputs (% of electricity output) 18 18 18 18 18

11. CO2 emission (metric tons per capita) 5.9 5.9 5.9 5.6 4.9

Energy Availability

12. Electric power consumption (kWh per capita) 4.71 4.71 4.71 4.71 4.71

13. Energy imports (net % of energy use). 36.6 36.6 36.6 36.6 36.6

Source: https://wefnexusindex.org

Figure 2. Available renewable freshwater resources in European countries
Source: Eurostat
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following indicator, “renewable energy consumption (% of 
total energy consumption), takes into account the coun-
try’s electricity production structure changes. Renewable 
energy consumption (% of total energy consumption) rose 
from 2017 to 2021, except in 2021, renewable energy repre-
sented 17.0% of the energy consumed in the country, down 
from 23.3% in 2020 (Table 5). The same trend is in the EU 
for these two years (22.1% in 2020 and 21.8% in 2021). This 
indicator was close to the average for European countries 
during the first three years of this period (Fig. 3)

Renewable energy production capacity in Bulgaria is 
4,532 megawatts in 2021 and 5,205 megawatts in 2022. The 
largest share of renewable energy capacity at the end of 
last year was hydropower capacity (2505 megawatts). So-
lar capacity has strong growth; their capacity increased to 
1,948 megawatts in 2022 from 1,275 megawatts in 2021 (or 
by almost 53%). The share of renewable energy in the to-
tal electrical capacity in Bulgaria increased to 43.8% from 
40.4% a year earlier and 35.3% ten years ago. Hence, the 
score of the indicator of renewable electricity outputs (% of 
electricity output) has to rise.

CO2 emission (metric tons per capita) for 2020 is 4.9 and 
this is the lowest value for the period 1990–2020 (Fig. 4). In 
2021, Bulgaria’s carbon dioxide emissions were 6.33 tons of 

CO2 per capita. This indicator varies substantially, but the 
trend in the last few years has been negative (Republic of 
Bulgaria Ministry of Environment and Water, 2021). The 
study by Harizanova-Metodieva and Harizanova-Bartos 
(2020) shows a positive relation between energy consump-
tion and emitted carbon dioxide in the short run. Stoyano-
va-Asenova et al. (2024) did not find a correlation between 
government regulation and emission levels.

Sub-pillar: Energy Availability. According to the Nation-
al Statistical Institute, Bulgaria, the gross electricity pro-

duction in Bulgaria for 2023 is 40246 GWh, which is lower 
than in the previous year (2022 the production was 50385 
GWh). The energy use shows a strong decrease in the pe-
riod 1988–1991. In 1991 energy use decreased by approx-
imately 20% in comparison to 1990. The difference in the 
values for the period 1999–2020 is not very big (Fig. 5). And 
the decrease in energy use in 2023 compared to 2022 is 
about 13%.

The country’s energy dependence in the period 2018–
2022 varies between 36 and 39% (Table 6). Energy depend-
ence on imports as of in 2021 was 36.1%, lower than the Eu-
ropean Union average of 57.5%, less than Germany, Greece, 
Belgium, Ireland, etc. Bulgaria is a net exporter of elec-
tricity (Ministry of Energy of Bulgaria, 2021). Bulgaria is 

Table 5. Renewable energy consumption in Bulgaria (% of total energy consumption) 

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

13.9 14.2 15.8 18.9 18.1 18.3 18.8 18.7 20.6 21.6 23.3 17.0

Source: National Statistical Institute
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among the five countries best dealing with energy vulner-
ability in Eastern Europe in the Euromonitor Internation-
al index (on data on energy efficiency, energy import de-
pendence, energy mix and electricity generation capacity). 
According to these indicators, Bulgaria is around the aver-
age level globally, and it is among the leaders in the region 
of Eastern Europe. The reason is the large share of nucle-
ar energy, which provides an alternative to fossil fuels. The 
country has excellent access to the energy grid and one of 
the region’s highest electricity generation levels per capita.

Pillar “Food” 
Sub-pillar: Food Access. The first three indicators in this 
sub-pillar are prevalence of undernourishment, children 
under five years old affected by wasting, and children un-
der five years old who are stunted are challenging to assess 
due to the lack of publicly available data (Table 7). There-
fore, we can only comment on the last indicator: the preva-
lence of obesity in the adult population (aged 18 and older). 

The indicator “prevalence of obesity in the adult popu-
lation” was calculated in the WEF Nexus Index for Bulgar-
ia at 25. This calculation was based on data related to body 
mass index (BMI), underweight, overweight, and obesi-
ty from 1975 to 2016. However, more recent data from 2022 
show that this indicator is 23.2% (https://renewbariatrics.
com, 2023). The prevalence of obesity in the adult popu-
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Source: World Resources Institute, 2023

Figure 5. Energy use per person in Bulgaria 
Source: ourworldindata.org/
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lation in Bulgaria by body mass index above 30 kg/m2 for 
2022 is 14.8% (Table 8). This data indicates that adult obe-
sity in Bulgaria is lower than the average in the Europe-
an Region, which is 59% (WHO European Regional Obesi-
ty Report 2022). Therefore, this indicator in the WEF Nexus 
Index should be corrected. According to the World Obesi-
ty Federation (2022), the percentage of the adult population 
with obesity in Bulgaria is projected to rise to 31.4% by 2030.

Table 8. Prevalence of obesity in the adult population (18 years 
and older) in Bulgaria in 2022 (%) 

Body mass index Total Men Women

Overweight (25.00–29.99) 39.2 46.7 32.6

Obesity (30.00+) 14.8 15.5 14.2 

Source: National Statistical Institute, 2023

Sub-pillar: Food Availability. There is only data for this 
sub-pillar for cereal yield (indicator 19). According to the 
World Bank, the cereal yield (kg per hectare) in the Eu-
ropean Union was 5,666 kg/ha in 2021, and in Bulgaria, it 
was 5,666 kg/ha for the same year (Ministry of Agriculture 
and Food, 2023), but without rice, millet, buckwheat, and 
mixed grains (Table 9). The cereal yield (kg per hectare) in 
the world was 4,153 kg/ha in 2021.

Table 9. Cereals in Bulgaria in 2021 (Source: Ministry of 
Agriculture and Food, 2023)

Cereals ha kg/ha

Wheat 1 208 457 5902

Rye 8088 2170

Barley 126 957 5411

Oats 10 335 2373

Maize 579 613 5892

Sorghum 2405 2784

Conclusions 

The WEF Nexus Index for 2019-2023 places Bulgaria in a 
mid-range position among 164 countries. The water pillar 
numeric indexes increase and show at the same time that 
further action is needed to enhance water management: 
Bulgaria is gradually growing renewable energy produc-
tion, but water consumption in the energy sector is still 
high; the water resources in the summer are not enough 
for irrigation. Nevertheless, the database by Nexus index 
indicates the need for a more aggressive strategy to transi-
tion towards sustainable energy practices. The food pillar 
presents the most significant challenge in the WEF Nexus 
assessment for Bulgaria due to insufficient information.

The current study proves that the WEF Nexus Index 
provides valuable insights into Bulgaria’s water, energy, 
and food sectors, but its objectivity depends heavily on the 
quality and availability of data. The results also show that 
the index methodology needs refinement regarding some 
indicators and the database used.

In relation to the achievement of the Sustainable Devel-
opment Goals (SDGs), this study contributes to advancing 
adaptation strategies for climate change, particularly at 
the local scale, where microclimate conditions are further 
altered by anthropogenic activities (SDG 13).

Table 7. Score by indicators for pillar “Food”, 2019–2023 

Sub-pillars 2019 2020 2021 2022 2023

Food Access

14. Prevalence of undernourishment (%) 3 3 3 3 3

15. Percentage of children under 5 af fected by wasting (%) 3.2 6.3 6.3

16. Percentage of children under 5 who are stunted (%) 8.8 7.0 6.4 6.4 5.6

17. Prevalence of obesity in the adult population 27.4 25 25 25 25

Food Availability

18. Average protein supply (gr/caput/day) 94 82.7 84.3 83.3 80.7

19. Cereal yield (kg/ha) 4817.8 5479.7 5463.8 5463.8 5949.6

20. Average dietary energy supply adequacy 117 113 115 116 119

21. Average value of food production ($/capita). 457 456 157 157 157

Source: https://wefnexusindex.org

https://wefnexusindex.org
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ABSTRACT

Attitudes towards environment are important for organizing nature protection, especially 
in countries undergoing political and economic transition. In this paper, attitudes of visitors, 
local communities and stakeholders towards the environment and nature protection are re-
searched online and within the Special Nature Reserve and surroundings settlements. Data 
were obtained on the basis of the survey research as part of the ‘LIFE WILDisland’ project. 
Additionally, this paper was focused on comparing the attitudes of respondents between 
those who were in direct contact with nature and those who responded online. Gained re-
sults showed that respondents who were in direct contact with nature have more intensive 
interactions with it and have a good understanding of conservation-restoration measures. 
Both groups of respondents support nature protection activities.

KEYWORDS

 ▶ environmental attitudes
 ▶ local communities
 ▶ visitors
 ▶ stakeholders
 ▶ direct contact
 ▶ online

Introduction

The conventional approach to nature protection emphasis-
es the identification and conservation of important natu-
ral ‘goods’, particularly species and ecosystems (Bennett 
et al., 2009). Protected areas are one of the most effective 
tools for conducting nature conservation activities (Baldi, 
2020). In the management of protected areas, it is essen-
tial to consider their ecological (He & Wei, 2023; Prato & 
Fagre, 2005), social (Jones et al., 2020; Prato & Fagre, 2005) 
and economic functions (Pisani et al., 2021; Prato & Fagre, 
2005). Nature conservation activities are often hindered by 
conf licts between conservation interests and the social in-
terests of local populations, as well as political and nation-
al economic interests that impede a progress in conserva-

tion (Freudenberger et al., 2013). A considerable number of 
studies on the social relations of protected areas are pri-
marily or solely designed to measure the attitudes of local 
people towards protected areas (Holmes, 2013).

Environmental attitudes are important because they 
often, but not always, determine behaviour that either 
increases or decreases environmental quality (Gifford & 
Sussman, 2012). Activities aimed at preserving the envi-
ronment ref lect people’s attitudes towards it. Besides oth-
er factors, environmental attitudes are important in na-
ture conservation (Baierl & Bogner, 2023). Research on 
attitudes and opinions is conducted to better understand 
why someone behaves in a particular way. Attitudes also 
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play a vital role in the acceptance of environmental policies 
(Karanth et al., 2008). Effective actions to protect global bi-
odiversity must consider the attitudes of individuals and 
local communities. Since attitudes are rooted in complex 
value orientations, the conservation of environmental re-
sources relies on a comprehensive understanding of these 
orientations (Ihemezie et al., 2021).

Since protected areas reproduce numerous ecological, 
social and economic functions through sustainable devel-
opment policies (Gatiso et al., 2022; Rodríguez-Darias & 
Díaz-Rodríguez, 2023), the management process of these 
areas must consider the attitudes of different stakehold-
ers (Brankov et al., 2022). The existence of multiple per-
spectives and representations of different stakeholders 
poses critical challenges to conservation initiatives. Thus, 
to foster more just and sustainable agendas in protected 
areas, this diversity of perspectives must be better under-
stood, acknowledged and tackled (Fromont et al., 2022). To 
promote pro-environmental attitudes and mitigate con-
f licts between protected areas and stakeholders, improv-
ing environmental education and establishing joint man-
agement of protected areas is recommended (Liu et al., 
2010).

The task of this paper is to highlight environmental atti-
tudes in the Republic of Serbia, a less developed European 
country and society in transition facing environmental and 
nature protection challenges (Stojanović et al., 2022). The re-
sults derived from the research published in this paper are 
part of the international project ‘LIFE WILDisland’ which, 
besides the restoration and protection of the Danube is-
lands, aims to assess public support for nature, wildlife and 
forest conservation actions in Central and South-eastern 
Europe. The project task ‘Socio-economic effect of wilder-
ness protection along the Danube’ focuses on: (1) assessing 
public awareness in support of natural habitat protection 
along rivers and restoration actions for degraded habitats; 
(2) comparing public opinion in settlements closer to and 
further from protected areas along the Danube and (3) the 
socio-economic impact on the lives of local communities 
(residents and other stakeholders). Accordingly, the main 
goal of this paper is to assess environmental attitudes and 
highlight potential differences in attitudes between visi-
tors, residents and other stakeholders (who were in direct 
contact with nature) compared to those online opinions of 
citizens who are geographically distant from the Danube 
and nature protection in protected areas along this river.

Literature Review

Visitors’ Attitudes Regarding Nature Conservation
The attractiveness of the natural environment has deep 
roots in the history of modern tourism, where such en-
vironments are seen as a reason for a development of na-
ture-based tourism forms, such as ecotourism or adven-
ture tourism (Williams & Lew, 2015). Areas of exceptional 
natural value and rich biodiversity can be subject to strong 
ecological impacts precisely because they attract many vis-
itors (Wolf et al., 2019). Research has shown that the great-
est success in inf luencing visitors’ actions comes from 
understanding what they think about a particular behav-
iour. Therefore, it is necessary to inf luence visitors’ atti-
tudes through organized visitor management (Brown et 
al., 2010; Cheung & Fok, 2013). Positive attitudes towards 
natural environment are reportedly associated with high-
er levels of satisfaction when visiting a protected area (de 
Oliveira et al., 2021). Visitors with pro-environmental at-
titudes are more willing to support management’s con-
servation efforts (Thapa et al., 2024). A lack of concern for 
environmental issues among visitors may be due to a lack 
of ecological awareness, for example, due to omissions in 
the school system where they were previously educated 
(Ghazvini et al., 2020). Education and interpretation are 
key goals of many protected areas, which are also places 
where visitors can learn about nature and develop posi-
tive attitudes towards nature conservation (Hornoiu et al., 
2014; Leung et al., 2018).

Local Communities’ Attitudes  
Regarding Nature Conservation
The relationship between nature conservation and local 
communities is vital for biodiversity conservation (Daw-
son et al., 2021; Ma et al., 2022), so a better understanding 
of this issue can help in protecting the biodiversity, while 
maximizing benefits for local populations at the same time 
(Holmes, 2013). Contemporary biodiversity conservation 
trends increasingly view the ecological and social dimen-
sions of this process as inseparable (Guerrero et al., 2018). 
However, the essence of the relationship between nature 
conservation and local communities is still not sufficient-
ly and precisely clear (Guo et al., 2024). The role of manag-
ers in nature conservation and protected areas is particu-
larly important for local communities (IUCN, 2004; Wells 
et al., 1992). Managerial understanding of local communi-
ties’ perspectives on protected area management is para-
mount for sustainable development of such areas and the 
establishment of harmonious working relationships with-
in them (Angwenyi et al., 2021). Raising awareness and 
educating local populations about the importance of bio-
diversity and nature conservation are recognized as a val-
uable tool in managing protected areas in a nature-friend-
ly manner (Fotsing et al., 2024; Macharia et al., 2010). The 
economic perspective and well-being can play a significant 
role in shaping the attitudes of local communities toward 
nature conservation (Abukari, 2020).
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Stakeholders’ Attitudes Regarding Nature Conservation
Attitudes and perceptions of stakeholders towards a con-
servation area, nature protection and the policy being 
implemented are essential elements for sustainable con-
servation (Weladji et al., 2003). The integration of protect-
ed areas and their surrounding space relies on the inter-
action of various stakeholders, including policymakers, 
practitioners, local communities and visitors (Brankov 
et al., 2022; Rodríguez-Rodríguez et al., 2019). Effective 
stakeholder engagement requires a broader strategic view 
of the social environment and without it, support for na-
ture conservation may be lacking (Mannetti et al., 2019). 
The link between threats to natural values, priority man-
agement actions and trust in protected area management 
must align with the stakeholders’ preferred approach (En-
gen et al., 2019).

Importance of peoples’ direct contact with nature
According to Soga and Gaston (2016), increasing number 
of people are becoming distanced from nature and they 
do not have a lot of direct contact with natural resources 
in their everyday activities. Possible reasons of such sit-
uation might be ref lected in an increased number of peo-
ple inhabited within urban areas (Zhang et al., 2014), tech-
nological innovations together with activities related to 
intensive usage of technology (Ballouard et al., 2011) and 
overscheduled everyday activities (Hofferth, 2009). Now-
adays, direct contact with nature is therefore decreasing 
and it is usually replaced by online alternatives (Ballouard 
et al., 2011; Hofferth, 2009). Soga and Gaston (2016) indi-
cated that decreased interactions of people with nature 
also decreases their positive emotions, perceptions and 
behaviour towards the environment and they highlighted 
that researchers and policy makers need to focus their ef-
forts towards reconnecting the people with nature, in or-
der to overcome a wide range of environmental issues. In 
respect to that, this paper is focused on researching the 
direct contact with nature and online perspective among 
two separate samples, in order to identify potential differ-
ences and similarities in environmental attitudes regard-
ing the nature conservation challenges in Serbia.

Background of the research
The research results on environmental attitudes present-
ed in this paper are also a part of the outcomes of the ‘Dan-
ube Wild Island Habitat Corridor’ project (acronym: ‘LIFE 
WILDisland’), which is being implemented from 2021 to 
2027 and aims to protect and restore river islands on the 
Danube. The project involves 15 partners from eight Dan-
ube countries (Germany, Austria, Slovakia, Hungary, Cro-
atia, Serbia, Bulgaria and Romania).

The Danube is an ecological corridor of exceptional sig-
nificance for Europe, connecting more biogeographical 
regions than any other European river. Accordingly, the 
Danube’s course is followed by extraordinarily rich bio-
diversity. The Danube islands represent unique locations 
with untouched nature and valuable habitats for both 
plant and animal life. The Danube islands are simultane-
ously endangered biodiversity hotspots, indicators of dy-
namic river activity and ecological cornerstones for the 
development of green infrastructure. Owing to the anal-
ysis of the significance of the Danube islands, the ‘WILD-
island’ initiative was formed and launched through the 
‘DANUBEparksCONNECTED’ project. Within the frame-
work of realized activities, it was established that the Dan-
ube’s course is followed by an eco-corridor composed of 
912 river islands (Sidó Öllös, 2019).

The ‘LIFE WILDisland’ project task ‘Socio-economic ef-
fect of wilderness protection along the Danube’ relates to 
assessing the public perception of the undertaken nature 
restoration measures. The first perception survey in all the 
countries involved in the Project was conducted in 2022, 
with a follow-up planned for 2027.

An integral part of this work is the results of the envi-
ronmental attitudes survey conducted in 2022 by the Ser-
bian participant in the ‘LIFE WILDisland’ project, which is 
the Public Enterprise ‘Vojvodina šume’ (responsible for the 
revitalization of the islands in the Special Nature Reserve 
‘Gornje Podunavlje’, at the cross-border area of Serbia, Cro-
atia and Hungary). Respondents who were in direct contact 
with nature were surveyed in the area of   the Special Nature 
Reserve and its immediate surroundings. Online respond-
ents were from various parts of Serbia. The research results 
exclusively ref lect the views of the researchers involved in 
the ‘LIFE WILDisland’ project from the Faculty of Sciences 
at the University of Novi Sad and their associates, who were 
engaged as subcontractors on the Project.

Methodology

Instrument
The research was conducted on the basis of the question-
naire formed for the purpose of previously mentioned 
‘LIFE WILDisland’ international Project focused on a pro-
tection of small islands along the f low of the Danube Riv-

er. More precisely, questions are in line with the main idea 
of the Project to contribute to a preservation of nature and 
biodiversity within the islands that are identified as the 
most natural and valuable in eight Danube countries. The 
‘LIFE WILDIslands Project’ is implemented in a coopera-
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tion with different sectors, starting from the managers of 
protected areas, over representatives of navigation, forest-
ry, hydropower to tourism, which resulted in questions re-
lated to all aforementioned sectors. Questions are also in 
line with main task of the ‘LIFE WILDIslands’ Project fo-
cused on gaining the basic information from visitors, local 
community members and stakeholders that would con-
tribute to a better design and communication of activities 
for river and island conservation in the Danube region. 
The starting point of the research was the previously men-
tioned project. However, the wider goal of the research is 
aimed at improving the nature protection in Serbia and 
other countries on the f low of the Danube River Based on 
abovementioned facts, the questionnaire could be divided 
in two sessions. The first group of questions is focused on 
the respondents’ basic socio-demographic characteristics, 
while the second group of questions represents the main 
part of this research and it is focused on the respondents’ 
perception regarding the nature conservation challenges 
along the f low of the Danube River. This study will present 
the main findings of the LIFE WILDIslands project gained 
within the territory of Serbia. 

Data collecting procedure
Questionnaires were distributed in two ways, online, as 
well as a part of the field research. Online sample was gath-
ered from January to May of 2023 and it was distributed 
by various contacts that live within the researched territo-
ry (next to the banks of the Danube river in Serbia), as well 
as by sharing the online questionnaire (previously prepared 
on the basis of the Google Drive option) via the social me-

dia (mainly thematic groups related to nature preservation, 
recreation and similar topics). When it comes to the sample 
obtained in the field, it started slightly earlier (in December 
of 2022) and it also lasts until May of 2023. This part of the re-
search started by collecting the stakeholders’ answers dur-
ing the official meeting which gathered the stakeholders of 
the Special Nature Reserve ‘Gornje Podunavlje’ during the 
regular annual meeting. Later, these stakeholders signif-
icantly contributed a distribution of the questionnaires to 
the visitors and the local community members. Gained an-
swers are analysed separately, in order to compare the an-
swers of those who participated in the study in the field and 
thus were in direct interaction with nature, with answers of 
those who provided their answers on the basis of the online 
platforms, distanced from the researched territory. 

Sample
Online sample that was collected on the basis of a distri-
bution of e-questionnaires included 310 respondents, 
while the sample gathered in the field included 10 stake-
holders (NGOs that are cooperating with the Special Na-
ture Reserve ‘Gornje Podunavlje’, representatives of the lo-
cal tourism organizations, managers of protected areas), 
50 members of the local community and 100 visitors. Their 
socio-demographic characteristics are represented with-
in the Table 1. 

The research is based on a descriptive statistics. Distri-
bution of the respondents’ answers are represented in the 
form of frequencies and the mean values. Descriptive sta-
tistics is also used in order to represent the main charac-
teristics of the respondents.

Table 1. Socio-demographic characteristics of the respondents

Online sample 
N = 310

Sample gathered in the field

Stakeholders 
N = 10

Local community 
N = 50

Visitors 
N = 100

Gender
Males
Females
Age
Up to 20
20-29
30-39
40-49
50-59
60-69
70 and more
Education degree
Primary school or less
High-school
University 

34.2%
65.5%

3.5%
46.5%
24.8%
9.7%

11.9%
2.9%
0.6%

0.6%
31.7%
67.7%

50%
50%

/
/

40%
40%
10%

/
10%

/
/

100%

36%
64%

/
6%

18%
38%
26%
10%
2%

6%
50%
44%

40,8%
59.2%

19.4%
22.4%
9.2%

31.6%
12.2%
4.1%
1.0%

1%
45.9%
53.1%
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Results

When they think about the Danube River, online respond-
ents pointed out that the following issues spontaneous-
ly come to their minds: protected areas Gornje Podunav-
lje and Đerdap, larger and smaller cities along the f low of 
the Danube River through Serbia, historical fortifications, 
weekend settlements, bridges, but also the sense of peace 
and silence. When it comes to the broader concepts, online 
respondents indicated Europe, in the context of the Euro-
pean Amazon (Mura-Drava-Danube Transboundary Bio-
sphere Reserve) and the river that connects countries and 
peoples. All three groups of respondents from the sample 
gathered in the field, or more precisely stakeholders, local 
community and visitors, also expressed the awareness of 
the fact that Danube is a river which connects countries in 
its course. It is interesting to notice that Gornje Podunavl-
je is not mentioned only in the group of respondents from 
the local community. Representatives of this group men-
tioned general concepts related to nature and protect-
ed areas. Also, it is noticeable that representatives of the 
local community and visitors, unlike the group of stake-
holders, also mentioned the aspects related to the waste in 
the immediate vicinity. All three groups mentioned con-
crete activities, with the fact that they are numerous in 
the group of respondents from the local community and 
visitors, while in the group of stakeholders only fishing is 
mentioned.

Based on the research results represented within the 
Table 2, it can be noted that majority of online respond-
ents (41.3%) is visiting the Danube River and/or the f lood-

plains of this river several times per year. When it comes 
to the stakeholders group, 50% of representatives among 
this group are visiting the mentioned areas at least once 
a week. Representatives of the local community (38%) are 
visiting these areas several times per year in the largest 
percentage. When it comes to the visitors, 35.4% of these 
respondents are visiting the Danube and/or the f lood-
plains of this river at least once a week.

Regarding the functions of the Danube River are rep-
resented within the Figure 1. Online respondents consid-
er that habitat of protected species and ecosystem of rich 
biodiversity are among the most important facts. Slight-
ly lower mean values   were recorded regarding online re-
spondents’ perception of the importance of other func-
tions of the Danube River, such as source of (drinking) 
water, fishing and forestry (wood production and hunt-
ing). In the field, respondents from all three groups con-
sider that ecosystem of rich biodiversity is the most im-
portant fact. When it comes to the function of the Danube 
River, which can be said to have lower importance, re-
spondents from the group of stakeholders and represent-
atives of the local community agreed on the fact that it is a 
source of a drinking water. On the other hand, visitors be-
lieve that forestry (wood production) and hunting have the 
least importance of the abovementioned functions.

Respondents were further asked to choose up to three 
answers related to the elements of importance when vis-
iting the Danube River, results are represented within the 
Table 3. It can be seen that minimal differences are repre-

Table 2. Frequency of visiting the Danube River and/or its flood habitats

Online sample
Sample gathered in the field

Stakeholders Local community Visitors

a. Every day
b. At least once a week
c. At least once a month
d. Several times per year
e. Never or almost never

3.9%
22.9%
25.8%
41.3%
6.1%

10%
50%
30%
10%

/

4%
28%
24%
38%
6%

11%
35.4%
25.3%
26.3%

2%

Table 3. The most important aspects of visiting the Danube River

Online sample
Sample gathered in the field

Stakeholders Local community Visitors

 ▶ Clean water 
 ▶ Pleasant roads
 ▶ Pleasant river shores and beaches
 ▶ Nature to research, flora and fauna to watch
 ▶ Combination of culture and good food 
 ▶ Of fer for visitors and infrastructure
 ▶ Distanced places
 ▶ I am never visiting the Danube and therefore  

I am not involved in such activities
 ▶ Other (protection of flood habitats, fishing 

access)

58.4%
38.7%
69.7%
58.4%
23.8%
22.9%
11.9%

/

1%

40%
30%
60%
70%
30%
20%
10%

/

/

65.3%
36%
74%
50%
22%
16%
10%

/

/

51.1%
36.9%
71.3%
63.2%
31.8%
19.5%
16.3%
4.9%

2.5%
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sented when ranking the mentioned elements among dif-
ferent groups of respondents. 

In terms of ecology, it can be said that numerous sec-
tions of the Danube River are not in an optimal condition. 
There are many types of threats and pressures and on-
line respondents believe that it is mostly about pollution 

(for example, from industry, pesticides from agriculture, 
waste water) (93.2%), as it could be seen in the Table 4. In 
the field, all three groups of respondents, more precise-
ly 90% of stakeholders, 94% of the local community repre-
sentatives and 94% of visitors also agreed with this state-
ment.
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Figure 1. Functions of the Danube River – respondents’ perception of their importance

Table 4. The main types of threats and pressures on the Danube River (in ecological terms)

Online sample
Sample gathered in the field

Stakeholders Local community Visitors

 ▶ Pollution (e.g. from industry, pesticides from 
agriculture, waste water)

 ▶ Waste and garbage
 ▶ River regulation (such as embankments)
 ▶ Hydro power plants
 ▶ Intensive usage by people for recreation and 

sport
 ▶ Land use, spreading of cities, (traf fic) 

infrastructure
 ▶ Intensive forestry
 ▶ Other (the quantity of water is decreasing 

rapidly, exploitation of sand and pebble, 
degradation of the shore habitats, negligence 
of humans)

93.2%

87.4%
2.3%

29.4%
6.5%

54.8%

13.5%
/

90%

50%
40%
50%
10%

20%

10%
10%

94%

88%
10%
6%

10%

44%

20%
/

94%

78.6%
26.8%
28.2%
2.8%

67.8%

19.7%
6.9%
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Online respondents showed a high degree of under-
standing of conservation-restoration measures along 
the f low of the Danube River, such as the waste remov-
al, wastewater treatment, species protection. In the field, 
stakeholders believe that wastewater treatment is the 
most important. On the other hand, representatives of 
the local community emphasize the importance of the 
waste removal. Visitors value both conservation and res-
toration measures mentioned above equally. The measure 
for which the lowest mean value was recorded in all three 
groups of respondents, refers to the formation of new pro-
tected areas and strictly protected zones. Details are rep-
resented within the Figure 2. 

The Danube islands (900 in total) are the habitats of the 
last remnants of wilderness, 80% of the population of cer-
tain species of birds and they also represent places where 
people can find forest habitats. Encouraging results of 
this research are indicating that even 83.5% of online re-
spondents would support strict protection and non-inter-
ventionist management of 147 most natural islands along 
the f low of the Danube River. In the field, gained results 
of the survey also indicated the major interest of respond-
ents to support the strict protection and non-intervention-
al management of the 147 most natural islands along the 
Danube River f low. In the case of the stakeholders and the 

local community representatives, this percentage exceeds 
90%. The research results also indicated the major under-
standing of the field respondents about the fact that ac-
cess to the strictly protected islands is prohibited in order 
to better preserve their sensitive nature. The percentage 
of respondents who showed the understanding of this im-
portant item exceeds 80% in the case of all three groups of 
respondents.

Results of the online survey also indicated that 41.3% 
of respondents stated that they know some protected 
area along the f low of the Danube River, such as Gorn-
je Podunavlje, Bačko Podunavlje, Djerdap. However, they 
also stated that they found themselves only somewhat in-
formed (40.6%) or uninformed (39.7%) about protected ar-
eas along the f low of the Danube River in Serbia. More 
precisely, 11.6% of the online respondents feel completely 
uninformed, while only 1.3% of online respondents stated 
that they found themselves very informed about this top-
ic. It is an encouraging fact that 47.7% of respondents sup-
port the activities focused on preservation of the Danube 
and its nature, such as natural islands. Besides that, even 
36.5% of online respondents would be absolutely willing 
and interested in supporting the conservation work. As ex-
pected, all stakeholders who participated in the survey in 
the field pointed out that they are informed about protect-
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Figure 2. Conservation-restoration measures along the flow of the Danube River – respondents’ perception
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ed areas along the f low of the Danube River. A significant 
percentage responded positively in the group of the local 
community representatives (75%) and visitors (81.6%). It is 
important to indicate that Gornje Podunavlje represents 
the protected area that is mentioned by respondents in all 
three groups. When it comes to the respondents’ aware-
ness of protected areas along the Danube f low in Serbia, 
50% of stakeholders stated that they are very informed. On 
the other hand, 75.5% of the local community representa-
tives believe that they are somewhat informed about the 
mentioned topic, while 42.4% of the visitors think the same. 
Furthermore, the research results indicated that majority 
of the field respondents are interested in supporting the 

activities to preserve the Danube and its nature, includ-
ing the natural islands. More precisely, 60% of stakehold-
ers, 72% of the local community representatives and 46.5% 
of the visitors would support conservation work.

When asked about the manner in which they could con-
tribute to the preservation of the Danube, its islands and 
surrounding nature, online respondents firstly stated the 
attempt to inf luence the opinion and behaviour of others 
(65.2%). Finally, respondents from the sample gathered in 
the field also see their contribution to the preservation of the 
Danube and its nature on the basis of attempting to inf lu-
ence the opinion and behaviour of others. A detailed pres-
entation of other responses is provided within the Table 5.

Discussion

The success of nature protection highly depends on a num-
ber of factors of this demanding process in environmen-
tal preservation and especially on the participation of the 
local community members, visitors and other stakehold-
ers, such as managers of protected areas, forest holdings, 
tourist organizations (Baierl & Bogner, 2023; Brankov et 
al., 2022; Fromont et al., 2022; Gifford & Sussman, 2012; 
Holmes, 2013; Ihemezie et al., 2021; Karanth et al., 2008; 
Liu et al., 2010; Rodríguez-Rodríguez et al., 2019). Broad 
participation is even more important in societies in tran-
sition with lower level of economic development (Freuden-
berger et al., 2013; Stojanović et al., 2022). Therefore, the 
main focus of this paper is on the perception of a wide 
group of respondents regarding the issues of nature pro-
tection importance, which later might be used in practical 
nature protection activities. Previous papers put the vis-
itors, local community members stakeholders and their 
general perceptions in the focus (Abukari, 2020; Angwenyi 
et al., 2021; Brown et al., 2010; Cheung & Fok, 2013; Engen 
et al., 2019; Holmes, 2013; Mannetti et al., 2019; Rodríguez-
Rodríguez et al., 2019; Thapa et al., 2024), while this paper 
is additionally pointing to the importance of comparing 
the perception of respondents who were in direct contact 

with specific protected area and those who completed the 
questionnaire online, distanced from nature. This issue is 
becoming important topic nowadays, due to the evident 
decreased interaction of people with nature (Ballouard et 
al., 2011; Hofferth 2009; Zhang et al., 2014), which also de-
creases the positive emotions, attitudes and behavior to-
wards the environment (Soga & Gaston, 2016).

First identified difference between online respondents 
and those who were surveyed in the field for the purpose 
of our study is ref lected in the frequency of their visits to 
the Danube River and its vicinity. Majority of the online 
respondents highlighted that they are visiting the Dan-
ube River and/or the f loodplains of this river only sever-
al times per year, while majority of the sample gathered in 
the field (predominantly stakeholders and visitors) are vis-
iting the mentioned areas at least once a week. Such fre-
quency might be a reason of different first associations 
on the Danube River, when speaking about online and the 
sample gathered in the field. More precisely, representa-
tives of the local community and visitors mentioned the 
aspects related to the waste in the immediate vicinity, 
while online visitors did not cite the issues related to the 
waste in the open-ended questions as their firs association 

Table 5. Contribution to protection of the Danube River, its islands and surrounding nature 

Online sample
Sample gathered in the field

Stakeholders Local community Visitors

a. By changing the personal behavior in nature 
b. By intention to change the attitudes and 

behavior of others 
c. By volunteering
d. By financial contribution
e. By sharing the informative campaigns 
f. By gathering the waste
g. Other (by promoting the teambuilding (with 

eco-content), as well as by active promotion of 
staying in nature among younger generations, 
participation in projects, nature research)

57.7%
65.2%

38.7%
11.9%
29.7%
46.5%
26.1%

40%
70%

30%
/

40%
20%

/

46.9%
59.2%

28.6%
4.1%
8.2%

44.9%
2%

59.5%
71.6%

53.8%
23.3%
33.3%
58.4%
8.5%
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to the researched area. It seems that visitors who were 
in direct contact with nature have different perspective 
in terms of indicating the problems related to the nature 
conservation, while first association of online respond-
ents was primarily related to a positive aspects of visiting 
the protected area. However, online respondents later ex-
pressed a high degree of understanding the issues related 
to the waste management, when speaking about the un-
derstanding of conservation-restoration measures along 
the f low of the Danube River, which still might be encour-
aging. Besides that, opposite to the online respondents, 
representatives of all three groups of the sample gathered 
in the field, underestimated the importance of formation 
of new protected areas and strictly protected zones, which 
might be a consequence of better understanding of the 
terrain, icluding its strenghts and threats and the follow-
ing problems that might be caused based on such activi-
ties. 

When citing the important functions of the Danube 
River, both online and respondents who were in direct 
contact with nature highlighted those functions that are 
important for enjoying within the protected area, while 
other practical ones are neglected, or more precisely those 
related to fishing activities, forestry, as well as considering 
the Danube as a source of a drinking water. It is interest-
ing to notice that online respondents and those who were 
in direct contact with nature have similar perception of 
the current state considering the fact that numerous sec-
tions of the Danube River are not in an optimal condition. 
It is also encouraging that majority of online respondents, 
the same as those surveyed in the field, support the activ-
ities focused on a preservation of the Danube and its na-
ture, including its natural islands. This issue is very im-
portant to be considered in the future and it is in line with 
the findings of the study conducted by Wolf et al. (2019), 
who highlighted the fact that preserved nature is impor-
tant aspect for attracting the visitors in a concrete protect-
ed area, which might shape the higher levels of satisfac-
tion when visiting protected area, as stated in the study of 
de Oliveira et al. (2021). Back to the findings of our paper, 
both groups also indicated that they could contribute to 
the preservation of the Danube River, its islands and sur-
rounding nature, based on the attempt to inf luence the 
opinion and behavior of others. However, online respond-
ents found themselves only somewhat informed or unin-
formed about protected areas along the f low of the Dan-
ube River, which is opposite to the respondents who were 
in direct contact with nature. 

Therefore, it could be said that, based on the main aim 
of this paper, to assess the environmental attitudes be-
tween visitors, residents and other stakeholders compared 
to those online opinions of citizens who are geographical-
ly distant from the Danube and nature in protected are-
as along this river, differences and similarities certainly 
exists. Besides these theoretical contributions, practical 
implications of the main results are ref lected in the fact 
that these findings might serve as guidelines for various 
stakeholders in charge for further development of tour-
ism and nature protection. In such manner, managers of 
protected areas and tourism organizations might further 
increase their marketing activities focused on raising the 
awareness on various problems when it comes to the na-
ture protection, especially when speaking about the hu-
man negative inf luence. Brown et al. (2010) and Cheung 
and Fok (2013) highlighted in their studies that it is impor-
tant to shape the visitors’ attitudes through organized vis-
itor management, while the main findings of our paper 
might be used in that purpose, too. Basic findings of our 
paper could also contribute in preparing the informal edu-
cation for visitors (and future visitors), based on the inter-
pretation and developing positive attitudes towards na-
ture conservation, which is another important aspect that 
protected areas should implement in their offer, according 
to the findings of Ghazvini et al. (2020), Leung et al. (2018) 
and Hornoiu et al. (2014). Developing positive attitudes of 
stakeholders and the local community members is also 
important, according to the findings of Engen et al. (2019), 
Fotsing et al. (2024), Macharia et al. (2010) and Weladji et 
al. (2003) while findings of our study provides detailed in-
sight into their perspective. On the other hand, Wells et al. 
(1992), Angwenyi et al. (2021) and IUCN (2004) highlighted 
the role of managers in protected areas in nature conser-
vation for the local communities, which additionally rais-
es the importance of our study. 

Limitations of the paper are primary ref lected in the fact 
that it obtained only one river as a ecological corridor, while 
further research might be focused on the other rivers eco-
corridors in Serbia, like Sava River, Tisa, Velika Morava, etc. 
Besides that, this paper is also ref lecting the results for only 
one country in the f low of the Danube as the internation-
al river. However, this limitation would be surpassed on the 
basis of the Danube-wide project ‘LIFE WILDislands’ fund-
ed by the European Union established with the intention 
to contribute to the preservation of nature and biodiversi-
ty within the islands that are identified as the most natural 
and valuable in eight Danube countries.
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Conclusion

This research is focused on attitudes towards the envi-
ronment and nature protection, with a particular empha-
sis on comparing the attitudes between respondents who 
had direct contact with nature and those who participat-
ed online. While it is encouraging that both groups of re-
spondents are generally supporting the nature protection 
activities, there are also differences between them. Re-
spondents who had direct contact with nature have more 
intense interactions with it, take a different approach to 
issues in protected areas and have a good understand-
ing of conservation-restoration measures. However, this 
group of respondents (visitors, local communities and 
stakeholders) does not emphasize the need for a designa-
tion of new protected areas and strict protection zones, 
which can be justified by their knowledge of the terrain or 
the fact that they are already sufficiently connected to the 

protected area covered by this research (Gornje Podunavl-
je Special Nature Reserve).

The data in this paper could also have practical impli-
cations for nature protection or tourism development, al-
lowing protected area managers or local tourist organ-
izations to improve their marketing activities aimed at 
promoting ‘environmentally’ and ‘socially’ responsible 
marketing. Finally, future research could be even more in-
teresting if it compares attitudes across all the countries 
along the f low of the Danube River. Perhaps the most im-
portant finding is related to the fact that both groups of 
respondents, those in direct contact with nature and on-
line respondents, confirmed that they support the protec-
tion of islands on this great River. In the future, it should 
contribute to better and detailed results on the way to re-
alize this important task.
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ABSTRACT

Newer trends of balanced regional development emphasize the development of function-
al integrational areas and strong spatial and functional relations based on the nodal con-
cept and a functional process approach. Therefore, it is essential to determine the hierarchy 
of settlements in the network, which defines their demographic and functional capacity. 
This paper identifies the nature and characteristics of urban primacy in the Srem region in 
Serbia, using the rank-size rule and urban primacy index, as well as the hierarchy of settle-
ments in the network, by calculating the importance of secondary activities and the central-
ization of the settlements. The results confirmed that while urban primacy is not expressed, 
the hierarchy of the settlements remains dominated by urban and suburban centres.

KEYWORDS

 ▶ settlement hierarchy
 ▶ settlement network
 ▶ primacy
 ▶ rank-size rule
 ▶ Srem
 ▶ Serbia

Introduction

In the modern world, no autonomous settlements or 
towns are independent of others. Some functions have be-
come so important that they have outgrown the needs of 
the local population and have begun attracting residents 
of neighbouring settlements. Such settlements overtake 
their neighbours in development, size, importance, and 
standing in certain hierarchical relationships (Kaplan et 
al., 2014).

The settlement hierarchy means that inf luential spheres 
of functions in various cities do not have the same impor-
tance and reach and that the area they affect is called a 
gravitational sphere (Krugman, 1996). Settlement hier-
archy and gravitational spheres are two main elements 
in the settlement system. The settlement system implies 
that all the settlements in a region, regardless of politics or 

natural criteria, are in some interdependent relationships 
(Ćurčić et al., 2021). 

When studying the system of settlements in an area, a 
number of fundamental questions about the relationships 
between the individual towns and cities and their hinter-
lands need to be considered. Human settlements today 
are characterized by a complex structural and function-
al stratification ref lected at many levels – from the typol-
ogy of the built structures to the relationships and connec-
tions they form with each other. Contemporary settlement 
relations are marked by multi-layered spatial overlapping 
of urban and rural characteristics in particular areas and 
equal and reciprocal functional f lows of people, capital, 
goods, information, and technological processes. Grow-
ing interdependencies between cities and other surround-
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ing settlements have been significantly transformed from 
traditional and straightforward one-way relationships to 
complex dynamic networks dominating various activities 
(Schaefer, 1977; Sennett, 1994).

Among the first significant theoretical and methodo-
logical papers addressing the interaction between urban 
and rural settlements is Kohl’s (1841) model. Addition-
al significant contributions to the further development of 
this idea were made by Auerbach (1913), Weber (1929), von 
Thünen (1930), Christaller (1933) and Lösch (1954). A signif-
icant contribution was made by Christaller (1933) with his 
much-respected theory of central places, where he con-
nects the spatial distribution of centres with their essen-
tial functions, which supply the population with central 
goods and services. He assumed that the connections be-
tween the settlements are established in an idealized hex-
agonal pattern, on the principle that a small number of 
centres of higher rank supply a large number of centres of 
lower rank in close distances, ignoring the industry and 
the production function.

In his general theory, Friedmann (1972) points to urban 
systems as spatially organized unities. On the local and re-
gional level, differences can be made between daily, weekly, 
and monthly urban systems (Berry, 1967; Friedmann, 1972). 
At higher levels of spatial aggregation, the urban systems 
can be considered national, sub-continental, continental, 
world or global in scope (Geyer, 2002). Castells (1993) distin-
guishes the difference between global networks and world 
systems – global networks cover the entire world, while 
world systems cover the subsets of global networks.

Furthermore, Castells (1994) writes about global cit-
ies as hubs and centres, hierarchically organized ac-
cording to their relative importance in the network. Soja 
(2000) speaks about the urban revolution that brings many 
changes in the industry, such as f lexible specialized in-
dustry, globalized urban regions, post-urban exopolis-
es and “crumbled cities”, which Giddens attributed to the 
westernization of the world and the western condition-
ality of globalization and its urban indicators (Giddens, 
1995, 2002). Saskia Sassen (2001), the most profound ana-
lyst of the city’s networks from a sociological point of view, 
also stands side by side with the aforementioned authors. 
She makes a difference between global and world cities, 
of which the former are in a network, while the latter do 
not have to be, but can be. World cities are the focal points 
of all their functions, while global cities belong to a group 
in which they must be in order to be global, that is, inde-
pendent from the place.

According to the theory of the central places, the hier-
archy of central places is developed as a result of the wide 
distribution of people who need goods and services. The 
term hierarchy of urban centres (Christaller, 1933; Lösch, 
1954) is associated with the concept of an urban system 
and appears in much of the literature and is collectively re-

ferred to as the theory of location. This theory deals with 
factors that determine the location of social and econom-
ic activities in an area and the economies of agglomera-
tions (Fujita et al., 1999; Parr, 2002a, 2002b; Malmberg & 
Maskell, 2002; Richardson, 1973) and which are one of the 
crucial factors in the manifestation of urban hierarchy. 
The individual nodes of the cities and their hinterlands are 
examples of nodal regions, which are the simplest features 
of the functional, social, and economic space.

Besides all the limitations mentioned above, the clas-
sical urban theories have served as spatial models for the 
planning of settlement networks and the development of 
areas that are under an immediate impact, as was the case 
in the south of Germany. They remain a part of planning 
practice, especially in environments where the hierarchi-
cal relationships in the spatial organization are clearly ex-
pressed and the interactions between the settlements in 
the system are less complex.

Recent research in settlement hierarchy explores var-
ious approaches to understanding how settlements are 
structured and categorized based on factors such as pop-
ulation density, economic activity, and geographic distri-
bution (Lee, 2017; Budde & Neumann, 2019; Dobis et al., 
2020; Bergs, 2021). In his recent study, Griffith (2022) up-
dates the United States urban hierarchy by using spatial 
autocorrelation and other geospatial metrics to reveal pat-
terns in settlement structures and their implications on 
regional development. He finds that geographic proxim-
ity and regional factors create coherent settlement group-
ings, which help define urban-rural distinctions and hier-
archical layers within urban networks.

Moreover, Altaweel (2015) employs agent-based model-
ling to examine settlement dynamics, particularly how in-
teractions between individual agents (people, goods, ser-
vices) shape hierarchical settlement patterns over time. 
This modelling approach, grounded in entropy maximi-
zation, allows researchers to simulate and analyze chang-
es in settlement hierarchies as inf luenced by migration 
and resource distribution patterns, offering a dynamic 
view of urbanization processes. Similarly, Chun and Kim 
(2022) investigate South Korea‘s urban structure evolution 
from the 1950s to the present, focusing on urban prima-
cy and spatial interactions. They use population data and 
commuting patterns to assess urban connectivity and hi-
erarchy, applying primacy and spatial interaction indices 
to analyze how urban areas interact.

Meanwhile, Sat (2018) examines whether Turkey‘s ur-
ban regions have shifted from monocentric to polycentric 
spatial structures using the Primacy Index and Rank-Size 
Rule. Recent studies on settlement hierarchy in Hungary 
concentrate on regional dynamics, particularly challeng-
es in rural and urban development, economic disparities, 
and the effects of policy reforms on settlement networks. 
Bagyura (2020) analyzes the effects of suburbanization on 
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power dynamics in municipal councils within Budapest‘s 
suburban areas, highlighting shifts in governance inf lu-
enced by regional growth.

Additionally, recent research on settlement hierarchy 
in Romania addresses several key areas, including ur-
banization trends, regional development, and socio-spa-
tial changes due to migration and economic shifts. A 
significant area of study is the transformation of settle-
ment structures since Romania’s post-socialist transi-
tion (Benedek, 2006; Mitrică et al., 2014), which altered ur-
ban-rural dynamics and population distribution (Lung, 
2019). These studies reveal that cities with strong sec-
ondary and tertiary sectors, particularly those along ma-
jor transport corridors, have remained economically resil-
ient (Benedek, 2016). Furthermore, Horeczki et al. (2023) 
explore Romania‘s urban development, highlighting chal-
lenges and opportunities in its spatial planning and met-
ropolitan growth. The authors argue for a balanced, 
polycentric urban development model that supports re-
gional centres in fostering growth across the country rath-
er than concentrating resources in Bucharest.

Lastly, Jošić and Žmuk (2020) adopt a novel approach, 
investigating whether Croatia‘s urban hierarchy can be ap-
proximated using the Fibonacci sequence, analyzing his-
torical population data from 1857 to 2011. They apply two 
methods: one divides the largest city‘s population by the 
golden ratio, and the other applies the golden ratio itera-
tively to each successive city. Findings show that Croatia‘s 
urban hierarchy aligns well with the Fibonacci sequence, 
particularly when Zagreb is excluded due to its dispropor-
tionately large size. This study suggests that the Fibonacci 
sequence may be valuable for analyzing urban population 
systems, complementing existing urban economics theo-
ries like Zipf’s and Gibrat’s laws.

Partial approaches, both in territorial and themat-
ic terms, are generally dominant in previous studies that 
have examined the networks and urban systems of Serbia. 
On the one hand, there are many studies of geographical 
networks and settlement systems in some parts of Serbia 
at a regional or administrative district/municipality level. 

Some research includes only network and settlement sys-
tem segments, such as demographic features and func-
tional characteristics. On the other hand, there are few-
er territorial and thematically comprehensive studies of 
the network and the system of settlements. More recent 
studies of the hierarchy of settlements in Serbia are fo-
cused on urban settlements. Filipović et al. (2022) examine 
the functional dependence and demographic changes in 
the daily urban system of Belgrade during its post-social-
ist transition. They redefine commuting zones, observing 
shifts in functional dependence on the city core due to de-
mographic changes, increased mobility, and shifts in eco-
nomic centres, which call for strategic planning to manage 
this growth and dependency.

Meanwhile, Živanović et al. (2020) evaluate urban re-
gions in Serbia, focusing on their functional polycen-
tricity, or the presence and distribution of multiple ur-
ban centres within regions. The study assesses factors 
such as population concentration, employment distribu-
tion, and activity sectors across primary and secondary 
centres. Findings indicate that nearly half of Serbia’s ur-
ban regions are monocentric, relying primarily on a single 
central hub, while a few, such as Novi Sad, exhibit great-
er polycentric characteristics. These polycentric regions 
benefit from multiple secondary centres that help dis-
perse economic activity, promoting balanced regional de-
velopment. Furthermore, the authors suggest that policies 
fostering decentralized growth and re-industrialization 
could strengthen secondary centres, ultimately achieving 
a more balanced national urban system.

In this regard, the purpose of this study is to evaluate 
the hierarchy and characteristics of the settlement net-
work in the Srem settlement system, that is, a cross-sec-
tion that exists at the beginning of the 21st century, in or-
der to achieve a better understanding of the spatial and 
functional organization of this region.

The main question examined is what types of connec-
tions exist between settlements of all hierarchical levels 
and how these relationships affect the survival and future 
of the settlements in the Srem region in Serbia.

Methods

The research was conducted on the territory of the Srem 
region, which includes the municipalities of Inđija, Irig, 
Pećinci, Ruma, Sremska Mitrovica, Stara Pazova, and Šid 
(Figure 1). These municipalities encompass a total area of 
3,671 km2 and are inhabited by 312,278 people, distributed 
in 109 settlements (Krajić, 2013; Lukić et al., 2014; Đerčan 
et al., 2017a; Ðerčan et al., 2022). The population data used 
are from the 2011 Census (Statistical Office of the Repub-
lic of Serbia, 2014) and the data on the population’s activ-
ities from the Statistical Office of the Republic of Serbia.

There are different ways to determine the ranking of a 
settlement in the settlement hierarchy. Christaller (1960) 
opted for the “telephone method”, where the degree of cen-
trality was determined based on the number of telephone 
connections. Schmook (1968) took into account the popu-
lation employed in some tertiary activities. Davies (1967) 
based thinking on a location coefficient and Preston (1975) 
based his on the value of retail sales, average earnings and 
share of household income spent on the purchase of goods 
and services. The Rank-size rule is also often used. It is 
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based on the assumption that the rank of the settlement 
in the hierarchy complies with its size compared to other 
places (Vresk, 2002).

Auerbach (1913) noted a specific correlation between 
the size and the number of cities and a tendency in the 
number and magnitude of towns in an area. This inter-
dependence theory is formulated as a Rank-size rule, 
also known as the Zipf law, widely used in this kind of re-
search (Alperovich, 1984, 1993; Guerin-Pace, 1995; Brak-
man et al., 1999; Gabaix, 1999; Ioannides & Overman, 
2003, Soo, 2005; Córdoba, 2008). According to the Rank-
size rule, it can be expected that one of the cities in a 
number of cities of a country or region, ordered by size, 
will have as many inhabitants as there are in the largest 
city divided by the number assigned (or ranked) to this 
city in a number of cities. Thus, the second largest settle-
ment in the series will have half the largest population; 
the third will have a third and so on. Mathematically, this 
can be expressed as a formula:

Sn= S1
r

Where Sn is the expected number of city inhabitants in 
the series, S1 – is the population of the largest city and r –
is the number of the city in the series.

Jefferson (1939) noted that urban systems often exhib-
it irregularities, especially regarding city sizes and ranks. 
He noted that in some countries, the capital, the primate 
city, stands out because of its size, while the other cities are 
much smaller. He called this phenomenon the “law of the 
primate city,” explaining it by pointing out the capital city’s 
exceptional political, economic, and social importance.

A simple formula calculates the Urban primacy index of 
a country or region:

I = G1
G2

Where I is the urban primacy index, G1 is the largest 
city’s population, and G2 is the population of the second 
largest city. Urban primacy is more significant if the re-
sulting index value exceeds 2. The urban primacy may be 
expressed by the ratio of the population of the largest city 
and the population of the following few largest cities in the 
series:

I = G1
G2+G3+G4

In practice the following three largest cities are most 
commonly used to calculate it as follows: G2 + G3 + G4.

Figure 1. Study area
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Quantitative methods determined the importance of 
secondary activities in the network of settlements. For 
this purpose, a modified Schmook’s (1968) method applied 
to secondary activities has been used (Vresk, 2002). The re-
sults were obtained using this form:

ISA1 =An SCn
An

−
SCr
Ar

⎛
⎝
⎜

⎞
⎠
⎟

Where: An –active population in the settlement, SCn 
–active population in the secondary sector of the settle-
ment, SCr – active population in the secondary sector in 
the region, Ar – active population in the region.

In order to present the results of the importance of 
secondary activities graphically, a model derived from 
Rochefort’s method for secondary activities was used 
(Rochefort 1957, 1959). The hierarchy of settlements us-
ing this method is obtained according to the following 
formulas:

X =
SCn
An

Y =
SCn
SCr

The meaning of the marks is the same as in the previ-
ous formula. X represents the abscissa, and Y is the ordi-
nate in Figure 3.

The hierarchy of settlements by this method is obtained 
according to the following formula:

ISA2 = X 2+Y 2 ⋅100 ⋅tg Y
X

Quantitative methods based on the active population 
in the tertiary–quaternary sector of the settlements were 
used to determine the centrality of the settlements.

One of the research methods for determining the lev-
el of development, location, and importance of the settle-
ment in the network is Schmook’s method. According to 
this method, centrality is calculated as the deviation of the 
share of the tertiary–quaternary sector in the active popu-
lation in the settlement compared to the same average for 
the region. Centrality is calculated according to the fol-
lowing model: 

C1=An TQn
An

−
TQr
Ar

⎛
⎝
⎜

⎞
⎠
⎟

Where: An – active population in the settlement, TQn – ac-
tive population in tertiary – quaternary sector of the settle-
ment, TQr – active population in tertiary – quaternary sector 
in the region, and Ar – active population in the region.

Rochefort’s method also provides a graphical rep-
resentation of settlement centrality in the form of:

X =
TQn
Ar

Y =
TQn
TQr

Form markings have the same meanings as in Schmook’s 
model, where X and Y are the abscissae, or ordinate, of the 
coordinate system.

The centrality of the settlement using Rochefort’s mod-
el was obtained according to the formula:

C2= X 2+Y 2 ⋅100 ⋅tg Y
X

For this study, ArcGIS Pro software was used to gener-
ate maps. The data used for the visualization and geospa-
tial interpretation is derived from the Census of Popula-
tion, Households and Dwellings in the Republic of Serbia.

Results and discussion

Over time, cities in a country develop a hierarchy. The ex-
pression of this hierarchy is the distribution of the size of 
a city’s population that can easily be constructed for any 
urban system (Dimitrova & Ausloos, 2015). According to 
the Rank-size rule, the distribution of settlements is most 
commonly displayed by a graph with an arithmetic scale, 
so the function is in the form of a curve. If the sizes are 
expressed with a logarithm, then the graphic form of the 
order of magnitude will have a straight line. Rightness is 
clearly visible: There is always a small number of settle-
ments with a larger population and a much larger number 
of settlements with a small population. The size increases 
as the size reduces the frequency of settlements with the 

same population. The distribution of settlements is shown 
in Figure 2.

However, Pearson’s correlation coefficient (r=.984, 
p=.000 (p<0.01)) indicates that there is a robust positive 
correlation between the distribution of settlements ac-
cording to the population size and the distribution of set-
tlements according to the Rank-size rule.

The index of urban primacy was calculated by applying 
the Rank-size rule according to the aforementioned for-
mulas. Based on the first statement (the ratio of Srems-
ka Mitrovica and Ruma), the urban primacy index is 1.26. 
Based on the second statement (the ratio of Sremska Mi-
trovica on one side and settlements Ruma, Inđija and 
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Stara Pazova on the other side), the urban primacy index 
is 0.50. In both cases, the value is less than 2, which means 
that the urban primacy of only one city is not prominent in 
the Srem region. Although it is the region’s administrative 
centre, Sremska Mitrovica has only 7,000 more inhabitants 
than Ruma. In the same period, at the Republic of Serbia 
level, the urban primacy index (Belgrade-Novi Sad) was 
4.86 (Đerčan et al., 2017b). The urban primacy phenome-
non is even more pronounced in many developing coun-
tries. For example, the urban primacy index in Jammu and 
Kashmir (India) in 2011 was 7.9 (Yousuf & Shah, 2014).

Polèse and Denis-Jacob (2010) analyzed the evolution 
of city ranking at the top of national urban hierarchies in 
74 countries during the 20th century. They found that Eu-
ropean city ranking shows significantly fewer variations 
over time than in North and South America and develop-
ing countries. This finding aligns with the view that ur-
ban hierarchies become more stable and robust over time 
as the rural-urban transition is completed and settlement 
patterns mature. Changes in ranking at the top are rare, 
and where they do appear, they can be linked to political 
events that alter the direction of trade or the role of the 
city as a central place. The urban system of the Srem re-
gion is composed of small and medium-sized cities whose 
population sizes and ranking have not significantly varied 
over recent years, which is in line with the research carried 
out by Dimou and Schaffar (2009). They acknowledge that 
medium-sized cities are more resistant to external shocks 
caused by conf lict, change of national borders and institu-
tional turmoil than those with large agglomerations.

Secondary and tertiary quaternary activities are essen-
tial factors in determining the hierarchy in the network of 
settlements and generally give importance to settlements 
throughout the Srem region.

Secondary activities, primarily industry, contribut-
ed significantly to the growth and development of settle-
ments and strengthened the differentiation in the network 
of settlements regarding inf luence. Industry attracts the 
population; it is the most important factor of urbanization 
and the driving factor of the polarizing effect of cities and 
centres in the area. 

According to the derived Schmook’s model, the impor-
tance of secondary activities is shown in Figure 4 (ISA 1). 
The highest level in the hierarchy of settlements according 
to the relative importance of secondary activities is Inđija, 
followed by Stara Pazova, Sremska Mitrovica, Ruma and 
Šid, all of which are municipal centres. Higher levels have 
suburbs like Nova Pazova, Laćarak, Vojka, Stari Banov-
ci, Putinci and Mačvanska Mitrovica. It can be conclud-
ed that the settlements with relatively high importance of 
secondary activities are either municipal centres or sub-
urban areas with a high share of daily commuters; togeth-
er, they form some conurbation. Some previous studies 
have come to similar conclusions (Bole, 2004, 2011; Nared 
& Razpotnik Visković, 2016; Popović, 2020). Slovenian au-
thors found that conurbations in Slovenia, defined basi-
cally on daily migrations, are more extensive and numer-
ous than conurbations defined by complementary central 
functions. By adding daily migrants, these authors sup-
ported the established approach using complementary 
central functions, which set the definition of conurbations 
in broader contexts and point to possibly new directions in 
spatial development. The importance of secondary activi-
ties is shown graphically in Figure 3.

According to the results of this method, settlements 
with the highest importance are presented with the dots 
at a greater distance from the coordinate beginning and 
away from the abscissa and ordinate.

Figure 2. Comparative review of the distribution of settlements according to the population size and 
the rank-size rule in the Srem region
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Figure 4 (ISA 2) shows the settlements with the most 
significant importance of secondary activities in the set-
tlement network of the Srem region according to the mod-
ified Rochefort’s model.

According to the second model, the changes in the hier-
archy within the network of settlements are insignificant. 
According to Schmook’s modified model, the settlements 
with a higher share of the secondary sector have a relative-

Figure 3. Secondary activities in settlements using the Rochefort’smethod
Legend: RU- Ruma, SM – Sremska Mitrovica, IN – Inđija, SP – Stara Pazova, NP – Nova Pazova, ŠI – Šid,  
LA – Laćarak, NB – Novi Banovci, SB – Stari Banovci, VO – Vojka

Figure 4. Comparative display of the importance of secondary activities according to the derived Schmook’s and 
Rochefort’s models
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ly higher significance. In contrast, according to Roche-
fort’s model, settlements with larger active populations in 
secondary activities have a higher significance. 

The position of the settlement in the system or hierar-
chy is determined by the degree of its centrality. In this 
system, the higher-ranking cities are those that have a 
greater gravitational sphere, that has a more significant 
number of basic functions and those where the functions 
have more power. They also gather the lower-ranking cit-
ies with central importance because the population of 
smaller towns and their gravitational zones meet a part of 
their needs in large centres. The Slovenian authors make 
similar conclusions cited above using the combined in-
dex of the degree of centrality (Nared et al., 2017). If the 
centrality based on functions is greater than the central-
ity based on the number of inhabitants, the settlement is 
oversupplied, and if the opposite exists, the system is un-
dersupplied. Undersupply is characteristic of settlements 
near major cities, which is a consequence of suburbaniza-
tion. The conclusion is drawn that the competitiveness of 
the central settlements is moderately correlated with their 
population size and supply functions.

Sremska Mitrovica has the highest centrality, followed 
by Ruma, Šid, and Inđija. Among the 15 settlements with 
the highest centrality are all the municipal centres except 
Irig. Other settlements with high centrality are main-

ly suburban areas in the municipalities of Stara Pazo-
va, Inđija, Pećinci and Sremska Mitrovica. According to 
Schmook’s model, the centrality of settlements is shown 
in Figure 5 (C1).

Graphically presented values of settlements centrality 
are shown in Figure 6. Settlements at a greater distance 
from the coordinate system have a greater centrality. It is 
noted that this is Sremska Mitrovica, the seat of the region 
and the largest city in the Srem region. It is followed by 
municipal centres Ruma, Inđija, Stara Pazova and Šid. The 
municipal centresIrigand Pećinci are not among the set-
tlements with greater centrality. Other settlements are the 
suburban towns Nova Pazova, Novi Banovci and Laćarak. 

The results of Rochefort’s model (Figure 5, C2) show 
that larger settlements have a higher place in the hierar-
chy of settlements in relation to Schmook’s model, where 
the share of the tertiary–quaternary sector in the active 
population of the settlement had relatively high impor-
tance. However, these two models do not show any signif-
icant discrepancies. From this research, Sremska Mitrovi-
ca, Ruma, Inđija, Stara and Nova Pazova and Šid are the 
settlements with the highest centrality.

The results of the hierarchy of settlements in the Srem 
region according to the importance of secondary activities 
and centrality showed no significant differences. Munic-
ipal centres and their suburban areas are high in the hi-

Figure 5. Comparative display of centrality according to the derived Schmook’s and Rochefort’s models
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erarchy sequence. Small, rural settlements, often periph-
erally located on Fruška Gora, occupy the bottom of the 
hierarchy of the settlements of the Srem region. 

Based on previous research, the organization of the set-
tlement network in the Srem region was defined using five 
levels:

1. Regional centre,
2. Sub-regional centre,
3. The municipal centre,
4. Local centre,
5. Village.

Figure 6. Settlement centrality according to Rochefort’s method
Legend: SM – Sremska Mitrovica, RU- Ruma, IN – Inđija, SP – Stara Pazova, NP – Nova Pazova, ŠI – Šid,  
LA – Laćarak, NB – Novi Banovci.

Figure 7. Organization of the settlements network in the Srem region
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The criteria used to separate a regional from a sub-re-
gional centre were the number of inhabitants, the value of 
centrality, the importance of secondary activities and the 
inf luential zone of the centre. The sub-regional centre has 
a smaller population and a lower zone of inf luence than 
the regional centre; also, it is linked to the regional centre 
by some tertiary–quaternary functions. Municipal centres 
have been identified based on already existing adminis-
trative divisions. The local centre is defined based on pop-
ulation, traffic position of the settlement on the municipal 
level and the type of the settlement according to the struc-
ture of activities. The village is one level that failed to meet 
the previous criteria. The organization of the settlement 
network is represented in Figure 7. 

One of the processes expressed in this system of settle-
ments is concentration. It is an expression of the polariz-
ing effect of the centre and, therefore, is more prominent 
if the centre is more significant. In the Srem region, the 

concentration of activities, especially industry and popu-
lation, is mainly in the eastern part. These are also the mu-
nicipalities of StaraPazova and Inđija, which have the larg-
est concentrations of economic activities and population; 
Sremska Mitrovica follows them as the region’s centre and 
the largest city. The population is agglomerated alongside 
roads throughout the entire region. Congregating along-
side the roads provides an opportunity for the develop-
ment of small businesses and more accessible communica-
tion. On the other hand, in the northern and western parts 
of the region, there are areas where the number of inhabit-
ants and functions in settlements decreases (Đerčan et al., 
2017a). Previous regional policy ignored the development 
of a polycentric settlement system. The only way to avoid 
further concentration in spatial development is through 
some dispersion. As previous examples of good practice 
have shown, the resulting dispersion can have many posi-
tive effects on regional development (Kušar, 2013).

Conclusion

By applying the Law of the urban primary and calculat-
ing the index of urban primacy, this research has con-
firmed that urban primacy is not expressed in the Srem 
region. Sremska Mitrovica is the largest settlement in the 
Srem region, the administrative seat of the region, and 
the centre of educational and medical functions. Howev-
er, the other settlements, primarily Ruma and Inđija, do 
not fall behind Sremska Mitrovica in population or num-
ber of functions. The proximity and relatively good con-
nections with Belgrade and Novi Sad, which have a strong 
gravitational power, especially to the eastern part of the 
Srem region, should be considered. These results are in ac-
cord with contemporary development concepts, especially 
in EU countries where areas and regions should be consid-
ered and organized by principles that consider the tempo-
ral and spatial dynamic links based on the specific and ac-
tive role of each settlement, not solely on the hierarchical 
relationship of dependency on the central city.

By analyzing the hierarchy of settlements in the net-
work and calculating the importance of secondary activi-
ties and settlement centrality, it was confirmed that Srem-
ska Mitrovica, Ruma, Inđija, Šid, Stara Pazova and Nova 
Pazova are the settlements that are at the top of the hier-
archical ladder. 

The analysis also confirms the f low of socio-geograph-
ic processes and structural changes in the settlement sys-
tem, implying simultaneously the temporal and spatial di-
mensions. When considered as a whole, the Srem region’s 
settlement system contains all forms of feedback effects 
and correlations of multiple relationships of interdepend-
ence.

The demographic, social and spatially functional re-
lationships discussed in this study provide a framework 
for understanding a complex analysis, planning and di-
recting system in a contemporary context and discussing 
system-wide development processes in a given space and 
time. The results represent a solid scientific framework 
that can be applied to all relevant state institutions and or-
ganizations at the local, regional, and national scales, as 
well as for adopting operational plans for developing strat-
egies in a settlement system and network. Multiple con-
nections between the settlements of all hierarchical levels 
provide opportunities for more effective use of the exist-
ing resources of the Srem region, both in the urban com-
munities and rural areas. This would improve the living 
conditions for all and reduce the depopulation trends. 
Similar studies using the same methodology can be ap-
plied elsewhere.
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ABSTRACT

Extreme temperatures and heatwaves are recognized as one of the deadliest weather-re-
lated hazards. The first of its kind in the Balkans region, this study explores the ef fects of 
heatwave timing, duration, and intensity on mortality in Serbia. Using daily all-cause mor-
tality data and mean temperature, a distributed lag non-linear model (DLNM) evaluates 
the heat-mortality response for each city during the warm season (May to September) for 
the period 2000-2015 for Belgrade, Novi Sad and Niš. Results indicate that longer heat-
waves generally have a greater impact on mortality, regardless of when they occur in the 
warm season. When comparing warm and extremely warm days, relative risk (RR) increases 
with intensity, and RRs are higher for earlier season heatwaves Extremely warm, early sea-
son heatwaves show significantly high RR in all three cities, respectively, for Belgrade 1.37 
(95% CI: 125, 1.5), for Novi Sad 1.27 (95% CI: 1.08, 1.5), and for Niš 1.47 (95% CI: 1.15, 1.87). The 
findings draw attention to how dif ferent heat events modify the health response in Ser-
bia. Stakeholders who work to improve resilience to heat hazards may consider the devel-
opment of an early warning heat system and a strengthening of local and regional outreach 
ef forts designed to reduce adverse health outcomes. 

KEYWORDS

 ▶ heat
 ▶ heat-health risk
 ▶ DLNM
 ▶ mortality
 ▶ Serbia 

Introduction

The World Health Organization (WHO) recognizes climate 
change as one of the greatest challenges of the 21st centu-
ry and an important public health threat (WHO, 2023; van 
Daalen et al., 2024). Adverse health outcomes such as mor-
tality and hospitalization are impacted by a variety of com-
plex environmental factors, but thermal exposure is one of 
the most pronounced (Ballester et al., 2023; IPCC, 2022). 
Due to anthropogenic climate change, heatwaves have in-
creased in frequency, intensity, and duration (Russo et al., 

2014; Mitchell et al., 2019; Perkins-Kirkpatrick & Lewis, 
2020; IPCC, 2022). Since the begining of 21st century, Eu-
rope has experienced several intense heatwaves, includ-
ing in 2003 when over 70,000 heat-related deaths occurred 
(Watts et al., 2018). Studies also report an increase in mor-
tality during the 2015 and 2019 summers (Vicedo-Cabrera 
et al., 2016; Urban et al., 2017; Arsenović et al., 2019; Mitch-
ell et al., 2019; Blazejczyk et al., 2022). Characterized by re-
cord-breaking high temperatures (May – September), Bal-

http://www.dgt.uns.ac.rs/en/homepage/pannonica/
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lester et al. (2023) estimated more than 60,000 heat-related 
deaths in Europe during the 2022 warm season.

When analyzing the impact on human health, various 
heatwaves defintions exist, characterized by duration, in-
tensity, and thermal or atmospheric metric (Anderson & 
Bell, 2011; D’Ippoliti et al., 2010; Xu et al., 2016; Royé et al., 
2020; Awasthi et al., 2022; Yadav et al., 2023). Some studies 
consider the role of seasonality and heatwave timing (An-
dreson & Bell, 2010; Sheridan & Lin, 2014; Sun et al., 2020; 
Alari et al., 2023). Both heatwave length and duration in-
f luence health response. A systematic review showed that 
in heat-related mortality heatwave intensity played a more 
significant role compared to heatwave duration (Xu et al., 
2018; Xu et al., 2016). Results for nine European cities indi-
cate that mortality increases during the heatwaves ranged 
from 7.6% to 33.6%, depending on geographic location, and 
this increase was up to three times more pronounced dur-
ing periods of long lasting and high intensity heatwaves 
(D’Ippoliti et al., 2010). In Brazil, Silveira et al. (2023) found 
heatwave intensity to be a greater risk factor than duration. 

Evaluating 43 U.S. cities, elevated mortality risk was 
found for more intense or longer-lasting heatwaves, and 
mortality risk was higher for early-season events (An-
derson & Bell, 2011). In a study of the four largest cities 
in Spain (1990-2015), Royé et al. (2020) showed a non-line-
ar, J-shaped curve between heateave intensity and mortal-
ity. Various studies indicate an acute relationship between 
human response and heat, lagging heatwave impacts 1-3 

days following a heat event (Donaldson et al., 2003; Arbu-
thnott & Hajat, 2017; Royé et al., 2020). Alarie et al. (2023) 
found a relationship between seasonal timing and cardi-
ovascular and respiratory mortality in France. While the 
results indicate a larger inf luence of later-seasonal events, 
the results were heavily inf luenced by the 2003 event. By 
removing the outlier, early summer heat events showed a 
greater impact on mortality. 

Overall, a lack of studies exist evaluating heatwave 
characteristics and the relationship to human health out-
comes in Central and Eastern Europe, including Serbia 
(Zaninović & Matzarakis, 2014; Výberči et al., 2015; Pet-
kova et al., 2021; Winklmayr et al., 2022; Ascione et al., 
2022; Arsenović et al. 2019; Arsenović et al., 2023; Antones-
cu et al., 2023). Until now, limited number of studies ex-
amined heatwave and high temperature impact on health 
outcomes in Serbia (Bogdanović et al., 2013; Stanojević et 
al., 2014; Bijelović et al., 2017; Savić et al., 2018; Arsenović 
et al., 2019; Arsenović et al., 2022; Savić et al., 2023). Us-
ing the three largest cities in Serbia (Belgrade, Novi Sad, 
and Niš), this research is the first to comprehensively eval-
uate how mortality risk changes based on different heat-
wave characteristics in Serbia. By considering how heat-
wave duration, intensity, and seasonal timing inf luences 
mortality outcomes, the results of this research may also 
be used to better inform stakeholders who aim to reduce 
adverse health outcomes and improve resilience to future 
heat events in Serbia. 

Data and Methods

Study Area
The study region includes three administrative units in 
Serbia: the Belgrade area, the Novi Sad City and the Niš 
City (Figure 1). Belgrade, Novi Sad and Niš are the most 
populated cities in country, and in 2015, these locations  

 
represented 32.0% of Serbia’s total population. Total popu-
lation in Belgrade exceeds 1.5 million people, and the oth-
er two cities (Novi Sad and Niš) range between 250,000 to 
350,000 residents (Table 1).

Table 1. Descriptive data about administrative organization and total number of urban and rural population in censuses 2002 and 
2011, and estimation for 2015, in three cities, Serbia

Area Administrative 
organizationA

AreaA 
(in km2)

2002B 2011B 2015C

Urban Rural Urban Rural Urban Rural

Belgrade area 17 municipalities 3226 1281801 294323 1344844 314596 1369401 310494

City of Novi Sad 2 municipalities 699 235165 64129 277522 64103 286546 64384

City of Niš 5 municipalities 596 178161 72357 187544 72693 186222 71661

Source: Republički zavod za statistiku, 2003; Republički zavod za statistiku, 2012a; Republički zavod za statistiku, 2012b; Online databaseD

A According to the data in 2011 
B Census data 
C Estimation by Statistical Of fice of the Republic of Serbia 
D https://data.stat.gov.rs/?caller=SDDB
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Mortality and Meteorological Data
All-cause daily mortality data (ICD-10, code A00-U85) 
were provided by the Statistical Office of the Republic of 
Serbia (SORS) from 2000 to 2015. Researchers compiled 
the data for the three largest areas (cities) in Serbia: Bel-
grade, Novi Sad and Niš. Temperature data (°C) were pro-
vided by the Official Meteorological Yearbooks, available 
on the Republic Hydrometeorological Service of Serbia 
(RHMSS) website (https://www.hidmet.gov.rs). The data 
includes air temperature observations at 0700 (morning), 
1400 (midday), and 2100 (evening) time periods. Aggregat-
ing these data, average daily air temperatures were calcu-
lated for each of the three cities for the warm season (May 
– September) for the period 2000–2015.

While various heatwave definitions exist (Robinson, 
2001; McCarthy et al., 2019; Faye et al., 2021; Ventura et 

al., 2023), the RHMSS delineates two heatwave thresholds 
(RHMZS 2023). Warm days are defined as days where the 
daily air temperature exceeds the 91st annual percentile; 
Extremely Warm days are based on the 98th percentile. Us-
ing daily air temperature data, percentiles were calculat-
ed for each city and used to define warm and extremely 
warm days over the 16-year period (Table 2). Since the met-
rics are based on local climatology, the heatwaves incorpo-
rate a spatial variability rather than a nation-wide abso-
lute threshold. A heatwave metrics in Belgrade is not the 
same as Novi Sad.

To compare the impact of heatwaves on mortality, heat-
waves (HW) are subdivided to account for duration (short 
and long) and seasonal (early and late) events taking place 
from May - September. Short heatwaves (HWShort) were 
periods where the daily mean air temperature exceeded 

Figure 1. Map of study area with marked location of Belgrade, Novi Sad and Niš

https://www.hidmet.gov.rs
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the 91st or 98th percentile for one or two days. Long events 
(HWLong) include days when the temperature threshold 
exceeded these thresholds but persisted for more than 2 
days. This study included a 5-month warm season to ac-
count for early and late season heat events that may occur 
outside of the traditional meteorological summer. Early 
summer events (HWearly) occurred between 1 May - 14 July 
while 15 July to 30 September represented late summer 
(HWLate). Similar methodological approaches have been 
used in the past (Allen & Sheridan, 2018). 

Table 2. Percentile thresholds used to define Warm and 
Extremely Warm Heatwave (HW) days (°C)

Area 91st 98th

Belgrade 25.4 29.2

Nis 24.5 28.2

Novi Sad 23.8 27.2

Statistical analysis
To assess the heat-health effects, researchers employed 
a distributed lag non-linear model (DLNM). Common in 
public health research (Gasparrini et al., 2011; Armstrong, 
2006; Gasparrini & Armstrong, 2011; Silveira et al., 2023; 
Boudreault et al., 2024), the DLNM is available as a pack-
age in R and evaluates both the non-linear exposure-re-
sponse and delayed effects with time. 

The model uses a quasi-Poisson regression to model the 
daily counts of deaths as a function of
(Equation 1): 

HW =1 if heatwave exists 

Ysubset ~ quasi poisson(HW)

Log(HW) = α + S (TimeYear, var.df = 4) + S (TimeJulianDay; 7×15) 
+ DOW

Where HW is a binary representation of a heatwave 
day, Ysubset is the observed daily mortality, α is the inter-
cept, TimeYear represents the long-term trend, TimeJulianDay 
represents seasonal trends, and DOW was a dummy var-
iable representing day of week (Equation 1). Confounders 
accounted for the seasonal variability in daily mortality, 
year, and day of week. S is the natural cubic spline func-
tion whereby var.df is the degree of freedom (df) for each 
variable. Four degrees of freedom were assigned to the 
long-term trend line while 7 df/year were used to identi-
fy the seasonality curve. These metrics are consistent with 
prior work (Allen & Sheridan, 2018). 

The study used a 7-day lag model to account for the acute 
response of heat. Various lags were considered (3-, 5-, 7-, 
10-, 14-day), yet the differences in results were generally 
minimal. Mean, maximum, and minimum relative risk 
were assessed. Statistical significance was based upon the 
95% confidence intervals whereby if the minimum relative 
risk value was greater than 1.0, significance was assigned 
to the value. DLNM computed relative risk values for each 
category, and each HW category was independently ana-
lyzed: HWEarly, HWLate, HWShort, HWLong, and all HW days. 
For example, all HWEarly days were compared against all 
non-HW days. The model used quasi-Poisson regression 
to determine the daily counts of deaths as a function of 
HW. Relative risk (RR) values were computed based upon 
DLNM iterations for each of the classifications. 

Results

Summary statistics show differential HW characteris-
tics across each of the three cities (Table 3). On average, at 
least 33 heatwave days occurred in each city, with the larg-
est number of warm days (537) occurring in Niš. Across 
the 16-years, each city experienced averaged at least 7 ex-
tremely warm days per year. With 51 total, Belgrade re-
corded the most extremely warm days. Across the three 
cities, heatwaves varied in terms of intensity, duration, 
and seasonal timing. Anaysis in this study shows that 
longer and more intense HW were more frequent in Bel-
grade and Novi Sad.

Given the city’s geographic location, it is no surprise 
the highest Tavg took place in Belgrade. Niš is situated in 
the southeast mountainous region while Novi Sad is fur-
ther north and not as sprawling, thus perhaps not as in-
f luenced by the urban heat island as Belgrade. On aver-
age, locations experienced approximately 35 warm days 
per year- and 8 extremely warm days per year. 

Average mortality was higher during extremely warm 
days when compared with warm days. For example, four 
additional people died on average in Belgrade during 
higher-threshold heatwave events. Statistical relation-
ships are limited by the population size, but this result of 
warmer events is supported by previous research (Alarie 
et al., 2023; Anderson & Bell, 2011; Allen & Sheridan, 2018). 

Table 4 shows the relative risk (RR) between different 
HW characteristics. All three cities showed significant, el-
evated risk associated with HWearly, regardless of the in-
tensity metric. The highest RR was found in Niš and asso-
ciated with early season, extremely warm days (RR: 1.47; 
95% CI: 1.15, 1.87). While elevated risk was still found for 
late-season events, only Belgrade and Novi Sad showed 
significant results. Generally, mortality risk was higher 
under extremely warm days when compared to warm days 
or non-heatwave days. Comparing all heatwave iterations, 
higher RR was found for Belgrade and Novi Sad; both cit-
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ies are located more north and likely impacted by popula-
tion size available for robust statistical analysis. Different 
methodological approaches are needed to explore non-ur-
ban heat-health relationships (Allen et al. 2024). 

When exploring the role of HW duration, HWlong showed 
greater RR compared to HWshort. Results in Belgrade and 

Novi Sad were significant, suggesting longer-lasting HW 
had a greater impact on mortality risk. A greater RR asso-
ciated with long-lasting, extremely warm days was found 
compared to warm days or non-heatwave days. When 
comparing all HW days, extremely warm days showed a 
higher risk than the lower threshold of warm days. 

Discussion 

This is the first study to explore how HW duration, inten-
sity, and seasonal timing modifies the mortality relation-
ship in Serbia. Results indicate a few important findings. 
First, long-lasting heatwaves typically have a greater im-
pact on mortality, regardless of when they occur in the 
warm season. Longer-lasting heatwaves show elevated 
RRs when compared to both shorter and non-heatwave 
days. HW duration has important role in mortality risk 
(Borrell et al., 2006; Sheridan & Lin, 2014; Steul et al., 2018; 
Allen & Sheridan, 2018), and according to some research, 

duration of HW is better signal for excess mortality than 
temperature alone (Steul et al., 2018). Variations do exist, 
however, as Guo et al. (2017) showed intensity to have a 
more significant role that duration. 

This research found early season HW to have a great-
er impact on mortality that later-season HW. Studies 
show heatwaves occurring earlier in the warm season re-
sult in greater mortality risk (Díaz et al., 2002; Anderson 
& Bell, 2011; Sheridan & Linn, 2014; Smith et al., 2014; Xu 
et al., 2018). Various factors including seasonal acclima-

Table 3. HW characteristics, with average daily temperature (Tavg, in °C), average daily mortality (Mavg), and total heatwave days for 
Belgrade, Novi Sad, and Niš, 2000 - 2015. 

HW 
timing/duration 

HW 
intensity 

Belgrade Novi Sad Niš

Tavg Mavg Total HW Days Tavg Mavg Total Days Tavg Mavg Total Days

HWearly

Warm 27.60 48 234 26.04 11 233 26.71 6 209

Extremely Warm 30.20 52 45 28.25 12 56 29.15 6 45

HWlate

Warm 28.03 46 297 26.02 10 300 26.73 5 328

Extremely Warm 30.50 51 83 28.32 12 70 29.38 6 73

HWshort

Warm 27.04 44 265 25.34 10 265 25.90 5 245

Extremely Warm 30.18 50 91 28.07 11 87 29.13 6 84

HWlong

Warm 28.61 49 268 26.69 11 269 27.40 5 294

Extremely Warm 30.94 54 37 28.77 14 39 29.70 6 34

All
Warm 27.84 47 531 26.03 11 533 26.72 5 537

Extremely Warm 30.40 51 128 28.29 12 126 29.29 6 118

Table 4. Ef fects of heatwaves on mortality for dif ferent heatwave characteristics (mean 
RR using a 7-day lag) in Belgrade, Novi Sad and Niš, 2000-2015. 

Timing/Duration Intensity Belgrade Novi Sad Niš

HWearly

Warm 1.21 (1.16, 1.26) 1.21 (1.12, 1.31) 1.19 (1.06, 1.34)

Extremely Warm 1.37 (1.25, 1.5) 1.27 (1.08, 1.5) 1.47 (1.15, 1.87)

HWlate

Warm 1.16 (1.11, 1.2) 1.15 (1.07, 1.24) 1.01 (0.91, 1.11)

Extremely Warm 1.27 (1.19, 1.37) 1.33 (1.15, 1.55) 1.01 (0.81, 1.25)

HWshort

Warm 1.02 (0.96, 1.08) 0.94 (0.83, 1.06) 1.07 (0.89, 1.29)

Extremely Warm 1.19 (1.08, 1.31) 1.03 (0.84, 1.26) 1.04 (0.8, 1.36)

HWlong

Warm 1.22 (1.18, 1.27) 1.30 (1.21, 1.4) 1.09 (0.98, 1.21)

Extremely Warm 1.43 (1.29, 1.59) 1.57 (1.29, 1.93) 1.31 (0.97, 1.76)

All
Warm 1.18 (1.14, 1.22) 1.18 (1.11, 1.25) 1.08 (0.99, 1.17)

Extremely Warm 1.31 (1.24, 1.39) 1.31 (1.16, 1.47) 1.17(0.99, 1.39)
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tion play a role in such results. Throughout the warm sea-
son, heat-related risk may decrease because of seasonal 
acclimation or mortality harvesting, although prolonged 
heat days still had a greater inf luence on mortality (IPCC, 
2022; Allen & Sheridan, 2018). Sun et al. (2020) found that 
mortality risk during the first heatwave of the season in-
creased by 16.3%, while during the each subsequent heat-
wave, risk decreased. While other studies indicate mixed 
results (Alarie et al., 2023), results of this study indicate 
higher mortality risk during early-season HW. 

Finally, this study identified association between HW 
intensity and mortality, suggesting that population vul-
nerability is particularly pronounced during the extremely 
warm days. Intensity modified the temperature-mortality 
relationship with extremely warm days generally showing 
higher RR when compared to warm HW days. In Spain, 
Roye et al. (2020) found a strong relationship between 
mortality and the effects of heatwave intensity, with par-
ticularly high impact on the same day and 1-3 days follow-
ing heatwave. Acute mortality response is well-document-
ed within heat-health literature (Meade et al., 2020; Liu et 
al., 2022), and short-term mortality harvesting may ex-
plain some of the results. 

While variability exists across the 3 Serbian cities, 
the results are generally consistent in that longer-last-
ing, earlier occurring, and more extreme heatwave show 
the greatest mortality response. Heatwave characteris-
tics matter in the context of heat-health response and how 
communities may prepare for future heatwaves. As heat-
waves become more frequent and extreme (Perkins-Kirk-
patrick & Lewis, 2020; IPCC, 2022), how communities pre-
pare for 21st century heatwaves must consider changes in 
HW characteristics. A heatwave in 2024 is not the same 
as a heatwave in 2003, nor are Belgrade heatwaves the 
same as those in Novi Sad. Geography matters. Popula-
tion demographics vary. Community networks designed 
to reduce heat-related mortality differ across scales. The 
strengthening of local and national multi-sectoral part-
nerships (public health, emergency response, weather 
forecasting, governance and policy) is needed to reduce 
the heat-health burden. Improved heat communication, 
policies designed to protect human health, the creation of 
new and protection of old green space, and various other 
strategies are noted elsewhere (Stanojević et al., 2014; Bi-
jelović et al., 2017; Tong & Ebi, 2019; Muccione et al., 2024; 
Turner et al., 2022; Keith & Meerow, 2022). 

Regional variations in RR were founded as important 
issue, since results shows a higher mortality risk in north-
ern part of country. These differences might result from 
several factors, including different levels of exposure, de-
mographic characteristics, or geographical, meteorologi-
cal, or pollution factors (Anderson & Bell 2011). Physiolog-
ical and behavioural adaptations of the local population 

also play a role in heat vulnerability (McGeehin & Mirabel-
li, 2001; Anderson & Bell, 2011; Sun et al., 2020). Belgrade 
and Novi Sad are more urbanized and effects of the urban 
heat island may modify risk. Cleland et al. (2023) showed 
that high urban heat island intensity areas account for 35% 
of the total heat-related cardiovascular burden, while low 
urban heat island intensity account for 4%. While urban 
communtiies cope with thermal comfort (Yin et al., 2023), 
it is important to note that adverse heat-related health out-
comes are not merely an urban phenomenon. Rural resi-
dents are often more at risk during heat events than those 
in urban areas even after considering the urban heat is-
land effect, built environmental factors, and population 
density (Fechter-Leggett et al., 2016; Jagai et al., 2017; Li et 
al., 2017). Mitigating the impact of heat on human health 
requires an all-hands-on approach to reduce vulnerability, 
particularly in the face of anthropogenic climate change 
which has already modified the duration, intensity, and 
spatial extent of heatwaves. 

Limitations and Future Research
This study includes limitations and outlines potential ar-
eas for future research. Given the avaibility of data, the 
study only assesses heatwaves over a 16-year period, up 
through 2015. Thus, more recent heat events, which were 
characterized as more severe and intense (Ballester et al., 
2023), were not included. Temperature data was based on 
a single location in each city, thus the results do not con-
sider the small-scale variations in the urban heat island 
that are necessary to target intervention strategies. Other 
studies have showed temperatures within a community 
may differ substantially based on where one resides (Reid 
et al., 2009; Kim et al., 2017; Savić et al., 2018; Milošević 
et al., 2022). The results of this study are based on three 
cities in Serbia. In part, these locations were selected due 
to their large populations; the methodological approach-
es employed in this research rely on large population siz-
es for statistical testing. Heat is not merely an urban 
issue, however, and continued research as to how com-
muniites, populations, and indiviuduals prepare, adapt, 
and respond to current and future heatwaves is needed, 
particularly in the face of anthropogenic climate change 
(Brown et al., 2020; Guardaro et al., 2022). Diverse ap-
proaches are needed to better contextualize heat impacts 
beyond the urban core (Tuholske et al., 2021; Mashhoodi 
& Kasraian, 2024). This is particularly important as com-
munities around the world provide healthcare services to 
rural communities in spite of growing, urbanizing cores. 
Future research may build upon these results and assess 
the relationship with hospital admission data or evalaute 
heat perceptions within the community. Fewer studies 
explore morbidity data, in part due to the avaiability and 
ease of obtaining of such data. 
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Conclusion

This study shows that heatwaves increase the mortality 
risk, and heatwave characteristics, such as duration, sea-
sonal timing, and intensity play important role in heat-re-
lated mortality. On average, early season, longer lasting, 
and more extreme heatwaves had a greater impact on 
mortality. Findings in this study could be useful and con-

tribute to the development of a heat-watch warning sys-
tem and improved communication as to the health hazard 
of heat may be future outcomes of this research, interlac-
ing the government and non-government sectors who are 
interested in reducing heat-health disparities across Ser-
bia. 
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ABSTRACT

Climate change is driving significant shif ts in temperature and precipitation patterns glob-
ally, with far-reaching socio-economic and environmental impacts, especially in arid re-
gions. This study examines precipitation variability and long-term trends from 1980 to 2020 
in Pakistan’s Cholistan Desert, a region where water scarcity poses critical challenges for lo-
cal communities and ecosystems. Using data from five meteorological stations, we applied 
a combination of Geographic Information System (GIS) techniques and statistical analy-
ses to assess both seasonal fluctuations and annual trends in precipitation. The results re-
veal notable spatial variability in precipitation trends across the Cholistan Desert. Positive 
trends, indicating increased precipitation over time, were observed in the northwestern ar-
eas, particularly at the Bhagla, Khanpur, and Fort Abbas stations. In contrast, significant 
negative trends were detected in the southwestern areas, represented by the DinGarh and 
MaujGarh stations, where precipitation has steadily decreased over the study period. These 
contrasting trends reveal the diverse impacts of climate change within the desert pointing 
out the areas that may face heightened water scarcity. The ongoing shif ts in precipitation 
necessitate targeted water management and climate adaptation strategies to address the 
challenges posed by these shif ting precipitation patterns. For areas with declining trends, 
strategies focused on rainwater harvesting and conservation will be critical. Regions expe-
riencing increased precipitation may require infrastructure improvements to manage and 
store water more ef fectively. 

KEYWORDS

 ▶ desert precipitation vari-
ability

 ▶ Mann–Kendall trend test 
 ▶ Sen Slope Estimator
 ▶ arid environment
 ▶ Cholistan Desert  

Introduction

Climate change is a pressing global issue that is driv-
ing unprecedented shifts in temperature and precipita-
tion patterns, with profound impacts on ecosystems, ag-
riculture, water resources, and human livelihoods. Since 
the industrial era, global average temperatures have ris-
en significantly, with the Intergovernmental Panel on Cli-
mate Change (IPCC) reporting an increase of approxi-

mately 1.1°C above pre-industrial levels, mainly due to 
human activities (IPCC, 2021). This warming trend is ac-
companied by more frequent and intense extreme weath-
er events, including droughts, f loods, and storms, which 
affect billions of people worldwide and strain resources, 
particularly in vulnerable regions (Amouzay et al., 2023). 
Precipitation patterns have also been notably altered, with 
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regions such as Africa, South America, and parts of Asia 
experiencing significant increases or decreases in rainfall, 
leading to both f lood risks and severe drought conditions 
(Nordhaus, 2018; Wagesho et al., 2013).

In South Asia, climate variability has become more 
pronounced over the past few decades, marked by errat-
ic monsoon patterns, longer dry spells, and more intense 
rainfall events. The region is experiencing an increase in 
the frequency of extreme weather events, driven by chang-
es in atmospheric circulation and the inf luence of warm-
ing oceans. Recent studies have shown that South Asia’s 
annual monsoon season has become less predictable, with 
some areas receiving above-average precipitation and oth-
ers suffering from prolonged droughts (Deng et al., 2019; 
Ghorbani et al., 2021). These shifts in precipitation not 
only affect agricultural productivity but also increase the 
risk of water scarcity in arid and semi-arid areas where 
communities rely on seasonal rains for survival (Singh & 
AchutaRao, 2019). South Asia is particularly vulnerable 
due to its dense population, high dependence on agricul-
ture, and limited resources for climate adaptation (Balo-
gun et al., 2023).

Pakistan, as part of this climate-sensitive region, fac-
es severe consequences from these shifts in climate. The 
country has witnessed a rise in extreme weather events, 
including both intense monsoonal f looding and pro-
longed droughts (Abbas et al., 2023). In its Sixth Assess-
ment Report, the IPCC highlighted that Pakistan is among 
the countries most vulnerable to climate impacts due to 
its diverse geography, reliance on agriculture, and already 
stressed water resources (IPCC, 2021). Research indicates 
that Pakistan’s annual mean temperature has increased 
by approximately 0.6°C in recent decades, accompanied 
by variable rainfall patterns, resulting in increased aridity 
in some areas and unexpected f looding in others (Baig et 
al., 2022; Hussain & Abbas, 2019). The impact on water re-
sources has been particularly acute in arid and semi-arid 
zones, where even small reductions in rainfall can lead to 
severe water shortages, affecting both human and ecolog-
ical systems (Arshad et al., 2022; Xu et al., 2011).

The Cholistan Desert in South Punjab, Pakistan, is an 
arid region that relies heavily on seasonal precipitation for 
water resources. Covering an area of approximately 26,000 
square kilometers, it forms part of the larger Thar Desert 
ecosystem and is characterized by extremely low and er-
ratic rainfall. Local communities in this region depend 
on rainwater harvesting techniques, such as using natu-
ral depressions and artificial ponds, or tobas, to capture 
and store rainfall for use during dry periods. However, as 
precipitation patterns continue to shift, the desert’s lim-
ited water resources are increasingly at risk. The region’s 
population, livestock, and limited agricultural activities 
are highly vulnerable to the impacts of climate change, as 
changes in precipitation can exacerbate already challeng-

ing conditions (Rahman & Dawood, 2017; Dawood et al., 
2018).

Despite the pressing need to understand precipita-
tion trends in the Cholistan Desert, few studies have fo-
cused specifically on this region. Research on climate var-
iability in Pakistan has generally concentrated on major 
river basins and highland areas, such as the Indus Basin 
and northern mountains, where water resources play a 
vital role in national agriculture and hydropower. To ad-
dress this gap, this study investigates long-term precipi-
tation trends in the Cholistan Desert over a 40-year period 
(1980–2020), using data from five meteorological stations. 
By employing GIS techniques and statistical analyses – 
including the Mann-Kendall Trend (MKT) test and Theil-
Sen’s Slope (TSS) estimator – this study aims to detect 
seasonal and annual precipitation trends across different 
parts of the desert. Understanding these trends is crucial 
for designing effective water resource management strat-
egies and informing policy decisions aimed at increasing 
the resilience of local communities to climate variability. 
The findings from this study contribute insights for man-
aging water resources in arid regions and enhance our un-
derstanding of climate variability within the Cholistan 
Desert. These results can assist policymakers, resource 
managers, and the scientific community in developing 
adaptive strategies to address water scarcity and ensure 
sustainable water availability in the face of changing cli-
mate patterns. By shedding light on the effects of climate 
change in one of Pakistan’s most water-stressed regions, 
this research adds to the broader scientific literature on 
arid-zone climate dynamics and provides a foundation for 
future studies on climate adaptation in vulnerable ecosys-
tems.

Characteristics of the Study Area
The Cholistan Desert, situated in Southern Punjab, Baha-
walpur Pakistan (Figure 1), encompasses a vast expanse of 
arid landscape, extending between latitudes 27° 42´ to 29° 
45´ North and longitudes 69º 52´ 30 to 75° 24́  East. Span-
ning an estimated 2.6 million hectares (26,000 km2), it 
comprises two distinct regions: Greater Cholistan spans 
approximately 18,130 km2, while Lesser Cholistan cov-
ers roughly 7,770 km2 (Rafique & Hassan, 2015). The de-
sert stretches an impressive 481 km in length and 193 km 
in width, dominating two-thirds of the Bahawalpur Di-
vision’s landmass. A predominantly sandy terrain, the 
Cholistan Desert bears resemblance to Great India’s Ra-
jputana Desert, extending to the Indian border and ly-
ing southwest of the now-dry course of the Hakra River. 
Lesser Cholistan, on the other hand, extends from the ter-
mination point of the Sutlej River northeastward to the 
Hakra River (Akram et al., 2008; Hassan et al., 2021).

Beyond its geographical features, the Cholistan Desert 
exhibits unique human and natural aspects. Human set-
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tlements in the desert primarily consist of nomadic tribes, 
such as the Cholistanis (Malik et al., 2017), who rely on 
traditional livelihoods like animal husbandry, particu-
larly camel rearing, to sustain their communities. These 
nomads traverse the desert landscape in search of water 
and pasture for their livestock, forming an integral part 
of the desert’s cultural fabric (Haider et al., 2021). Rain-
water is primarily collected in naturally low-lying areas 
or in man-made small pools, such as depressions locally 
known as tobas (Rasheed et al., 2018). In the arid landscape 
of the Cholistan Desert, rainfall serves as the sole source of 
drinking water for both humans and livestock. However, 
these water bodies, or tobas, typically retain water for only 
a maximum of four to five months before evaporating or 
being absorbed into the ground. Moreover, the salinity of 
underground water sources in the region tends to be high 
(Mumtaz, 1982). There are approximately 2000 small and 
large tobas scattered across the desert (Figure 1) (Rash-
eed et al., 2018). However, only around half of these tobas, 
roughly 1000, remain functional, while the others have be-

come filled with silt and sand, reaching the land surface 
(Hussain & Abbas, 2019).

The size and storage capacity of each toba vary based 
on its dimensions, including length, width, and depth. 
Additionally, the amount of rainwater collected in these 
tobas f luctuates depending on the size of their catchment 
areas. On average, the water storage capacity of these to-
bas ranges between 500 and 1000 cubic meters (equivalent 
to 0.1 to 0.2 million gallons) (Malik et al., 2017). Therefore, 
the total water storage capacity of approximately 1000 to-
bas in the Cholistan Desert is estimated to be around 0.5 
million cubic meters (or 80 million gallons) according to 
the Capital Development Authority (CDA) in 2022 (Imran 
et al., 2023).

According to the Köppen climate classification, the 
Cholistan Desert (Arid, Semi-arid) falls under the “BWh” 
climate type, which denotes a hot desert climate. Char-
acterized by extremely low and erratic annual rainfall 
and high temperatures, especially during summer. Cli-
mate-wise, the Cholistan Desert experiences distinct 

Figure 1. Location Map of the Cholistan Desert, South Punjab, Pakistan. 
The shapefiles used in this map were downloaded from DIVAGIS.COM. 
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seasonal variations, with the summer monsoon season 
typically receiving more rainfall compared to the win-
ter months. This wet season brings relief to the parched 
landscape, rejuvenating water sources and fostering tem-
porary vegetation growth. Relative humidity levels f luc-
tuate between 50% and 58%, inf luencing local climatic 
conditions and ecosystem dynamics (Haider et al., 2021). 

Understanding the climatic factors in the Cholistan De-
sert is vital for sustainable development and environ-
mental conservation ef forts in the region. As such, this 
study aims to delve into the complex interactions shap-
ing the desert’s hydrological patterns and their implica-
tions for water resource management and community 
livelihoods.

Material and Methods

Data Collection
This study utilized precipitation data spanning a 40-year 
period (1981–2020), obtained from the Pakistan Meteoro-
logical Department (PMD), including its main office in La-
hore and regional office in Bahawalpur. Five meteorolog-
ical stations were selected for data collection: Din Garh, 
Mauj Garh, Bhagla, Khanpur, and Fort Abbas (Figure 1). 
These stations were chosen based on key criteria to ensure 
comprehensive spatial coverage and representative data 
for the Cholistan Desert (Khan et al., 2020).

The selected stations provide broad spatial coverage 
across the desert, capturing precipitation variability in-
f luenced by local climatic conditions. Each station is po-
sitioned near areas with significant human and livestock 
populations, making them essential for monitoring pre-
cipitation trends and assessing water resource availabili-
ty in this water-scarce region. The 40-year dataset enables 
a robust analysis of long-term precipitation trends, critical 
for understanding the impacts of climate change on water 
resources in the Cholistan Desert.

Data Processing and Analysis
Before conducting statistical analyses, the collected rain-
fall data underwent thorough preprocessing steps. This in-
volved data cleaning to remove any inconsistencies or out-
liers, as well as data aggregation to calculate yearly mean 
rainfall values for each meteorological station.

Mann-Kendall Trend Test
The Mann-Kendall test, a robust non-parametric method, 
was applied to assess long-term trends in the rainfall time 
series data (Mann, 1945; Kendall, 1948). This widely used 
test is particularly suited for climatological and hydrolog-
ical studies, as it does not rely on assumptions about the 
underlying distribution of the data. The MKT was applied 
to detect monotonic trends in precipitation, providing sta-
tistical outputs such as the Kendall (Tau) value, p-value (at 
95% confidence), and z-statistics. A positive z-score indi-
cates an increasing trend in the time series, while a neg-
ative z-score suggests a decreasing trend. Eq. (i) gives 
(Dawood & Shirazi, 2022) a simplified expression of the 
Mann Kendall Test.

S =
j=i+1
n−1Σi=1

n−1
∑  Sign(Tj −Ti )

 
(i)

Sign t j −ti( )=
1 Ti −Ti >0
0 Tj −Ti =0

−1 Tj −Ti <0

⎧

⎨
⎪⎪

⎩
⎪
⎪

⎫

⎬
⎪⎪

⎭
⎪
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(ii)

The variance can be expressed as follow:

Var S( )=
n n−1( ) 2n+5( )− ti ti −1( ) 2ti +5( )

i=1

n
∑
18  

(iii)

Initially, the precipitation data was calculated using 
Addinsoft XLSTAT 2014 and were analyzed using MKTM 
and SSE against null hypothesis (Ho) to a 95% signifi-
cance level. The application of the MKT in climate studies 
has been well-documented in the literature. Previous re-
search by Bannayan et al. (2020), Wang et al. (2020), and 
Yu et al. (2024) utilized the MKT to analyze precipitation 
trends, highlighting its effectiveness in detecting signif-
icant trends without requiring data to conform to specif-
ic distributions. 

Theil Sen’s Slope (TSS) Method
The Theil Sen’s slope method, another robust technique, 
was utilized to further analyze the temporal changes in 
rainfall patterns (Sen, 1968; Yu et al., 2024). This method 
calculates the slope or direction of change in the time se-
ries data, providing insights into the magnitude and di-
rection of trends. The TSS method is particularly valuable 
for its ability to handle outliers and non-linear data, mak-
ing it well-suited for climate data analysis.

The magnitude of the temporal precipitation data’s 
slope (Ti) is expressed (Dawood et al., 2024) as Eq (iv):

F t( )=Qt +B  (iv)

• where Q represents the slope’s magnitude, and B de-
notes a constant. However, the magnitude of the slope 



Geographica Pannonica | Volume 28, Issue 4, 294–311 (December 2024)Shamsheir Haider, Fazlul Haq, Bryan G Mark

| 298 |

is calculated differently (v), to assess the slope for the 
temporal rainfall data:

Qi =
Xi +X j

j−k  
(v)

• here, Xi and Xj represent pairs of precipitation data, re-
spectively, with i=1,2,3,4,5,6, 7,…,N, and among time, 
denoted by j and k (where j>k). The median of the N val-
ues of Ti is calculated as Eq. (vi),

Qmed = Q N
2
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(vi)

Consequently, if N is odd, the Theil Sen’s slope (TSS) is 
computed as: Qmed = T (N + 1)/2. On the other hand, if N is 
even, TSS is calculated as: Qmed = T(N+2) + T(N+2)/2. Finally, 
Qmed is determined using the non-parametric model (MKT) 
to ascertain magnitude. In the context of Theil Sen’s slope 
(TSS), Qmed represents the median of the calculated slopes 
(Qi). It serves as a measure of central tendency for the set 
of slopes derived from the pairwise differences in precipi-

tation data over time. This median slope (Qmed) is then used 
to characterize the overall trend or direction of change in 
the rainfall data. If Qi is positive, it suggests an increasing 
trend in precipitation, whereas a negative Qi indicates a de-
creasing trend. Geographic Information System (GIS) tech-
nology was used for the spatial interpolation and finally ex-
pressing the slope of the detected trend as different maps. 

Spatial Interpolation Technique GIS 
All spatial maps of precipitation were prepared using the 
widely adopted Inverse Distance Weighted (IDW) tech-
nique in ARCGIS software. IDW is a common spatial in-
terpolation method for creating rainfall maps and is 
straightforward to implement within a GIS environment 
(Nath et al., 2024). In GIS, spatial interpolation estimates 
unknown values at specific geographic locations based on 
known values from surrounding areas (Hu et al., 2019). 
Precipitation data were first computed in Microsoft Ex-
cel and then interpolated in ArcGIS, using various tones 
and shades to illustrate precipitation variability across the 
region. This color-coded approach effectively presents cli-
mate data and highlights geographic differences. Tempo-
ral rainfall data were interpolated into a raster format, en-
abling the analysis of geostatistical relationships among 
sites (Ozturk & Kilic, 2016). GIS was utilized to develop 
spatial databases and prepare result maps, ensuring accu-
rate representation of precipitation trends.

Results

Analysis of the Annual Precipitation
The Mann-Kendall Trend test was employed to analyze the 
mean annual rainfall data collected from meteorological 
stations including Din Garh, Mauj Garh, Bhagla, Khanpur, 
and Fortabbas. For Din Garh station, encompassing the 
years 1980 to 2020, the mean annual rainfall was recorded 
at 2.196 mm, with a standard deviation (SD) of 1.582 mm. 
Notably, the year 1984 witnessed the highest annual rain-
fall of 5.477 mm, while the lowest was observed in 2009 at 
0.196 mm (Table 1). Applying the MKT test to 40 years of 
rainfall data from the Din Garh station revealed a signif-
icant declining trend, with Kendall’s Tau (τ) computed as 
-0.410 at a significance level of 0.05. The associated p-val-
ue (< 0.0001) indicates statistical significance, leading to 
the acceptance of the null hypothesis (Ho) and suggest-
ing a significant negative trend. Additionally, Sen’s slope 
for Din Garh was calculated as -0.088, further indicating a 
negative downward trend (Figure 2).

Similarly, at Mauj Garh station, the standard devi-
ation was found to be 1.245 mm, with minimum, maxi-
mum, and mean rainfall values of 0.321 mm, 4.555 mm, 
and 1.900 mm, respectively. The calculated Kendall’s tau 
(τ) of -0.4410 suggests a slight negative trend in rainfall 

data, with a p-value (< 0.0001) indicating statistical signifi-
cance and the acceptance of Ho, implying a significant de-
creasing trend. Sen’s slope for Mauj Garh was determined 
as -0.059, corroborating the negative downward trend ob-
served. In contrast, Bhagla station recorded a compara-
tively lower annual mean rainfall of 0.9841 mm, with 2017 
witnessing the highest recorded rainfall of 3.568 mm and 
1983 experiencing the lowest at 0.186 mm. Interestingly, 
the MKT test results for Bhagla station revealed no dis-
cernible pattern in rainfall, with a calculated Kendall’s tau 
of 0.5154 indicating a positive trend (p-value = 0.000637) 
at a significance level of 0.05. This rejection of the null hy-
pothesis suggests a statistically significant positive trend 
in rainfall data.

The dataset from the Khanpur meteorological station 
exhibits considerable variability in precipitation levels, 
characterized by a mean of 3.1063 mm and a standard de-
viation of 3.6069 mm. Rainfall measurements range from 
a minimum recorded value of 0.114 mm to a maximum 
of 15.073 mm. For Khanpur station, the estimated Ken-
dall’s tau was found to be 0.4615, suggesting a slightly pos-
itive temporal rainfall trend with a corresponding p-val-
ue of 0.000144. Additionally, Sen’s slope was calculated as 
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0.1102 for the Khanpur station, indicating a positive slope 
and signaling a visible rising trend in rainfall over the past 
40 years. This positive Sen’s slope, ref lecting an anticipat-
ed increase in rainfall intensity per unit of time, corrobo-
rates the findings of Kendall’s Tau. Furthermore, employ-
ing the Mann-Kendall test, analysis of 40-year rainfall data 
from the Fort Abbas meteorological station reveals a no-
table and statistically significant increasing trend in rain-
fall. The dataset, characterized by a mean of 5.597 mm 
and a standard deviation of 4.202 mm, exhibits significant 
variability in rainfall amounts, ranging from 0.740 mm to 
19.850 mm. The MKT results indicate a strong statistical 
trend of increasing rainfall, supported by a low p-value of 
0.015 and a positive Kendall’s tau of 0.196, indicating rejec-
tion of the null hypothesis (Table 1). 

SSTD (Statistically Significant Trend Detected)
The application of Theil-Sen’s slope (TSS) estimator to the 
annual time series data of rainfall revealed distinct trends 
across meteorological stations. Din Garh and Mauj Garh 

stations exhibited a negative slope magnitude (Figure 2), 
indicating a decreasing pattern in rainfall. Specifically, for 
Din Garh, the Sen’s slope was calculated as Q = -0.088, illus-
trating a negative downward trend in precipitation (Fig-
ure 3). Similarly, Mauj Garh station displayed a negative 
SSTD (Statistically Significant Trend Detected) slope with 
Q = -0.059, indicating a downward trend in rainfall. Con-
versely, Bhagla, Khanpur, and Fort Abbas stations demon-
strated positive slope magnitudes, signifying an increase 
in rainfall pattern. The Sen’s slope for Bhagla station was 
Q = 0.0318, indicating a visible rising trend in rainfall over 
the past 40 years (Figure 2). Similarly, Khanpur station ex-
hibited a positive slope with Q = 0.1102, suggesting a nota-
ble upward trend in rainfall intensity. These positive Sen’s 
slopes align with Kendall’s Tau’s findings and provide fur-
ther support for the observed trends. 

Furthermore, Fort Abbas station displayed a positive 
Sen’s slope of Q = 0.098, indicating an estimated increase 
in rainfall intensity over the four-decade period. This 
quantifies the size of the trend, corroborating the over-

Figure 2. Mean annual rainfall trend (1980-2020) across the selected meteorological stations

Table 1. Results of Mann Kendall trend test on mean annual rainfall (1980-2020)

Met station Mean rainfall 
(mm) SD Kendall’s 

tau P-value alpha Sen’s 
slope TSS remarks MK test 

remarks
Model 

Interpretation

Din Garh 2.196 1.58 -0.410 0.0001 0.05 -0.088 Decreasing trend Accept Ho SSTD

Mauj Garh 1.900 1.24 -0.4410 0.0001 0.05 -0.059 Decreasing trend Accept Ho SSTD

Bhagla 0.9841 0.98 0.5154 0.0006 0.05 0.0318 Rising trend Reject Ho SSTD

Khanpur 3.1063 3.606 0.4615 0.0001 0.05 0.1102 Rising trend Reject Ho SSTD

Fort Abbas 5.597 4.202 0.196 0.015 0.05 0.098 Rising trend Reject Ho SSTD
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all findings. Moreover, the subsequent analysis highlights 
the relationship between precipitation patterns and slope 
magnitude at an annual scale. It indicates that changes in 
precipitation trends are associated with variations in slope 
magnitude, ref lecting the dynamic nature of rainfall pat-
tern over time (Table 1).

Analysis of Mean Monthly Precipitation
The analysis revealed significant variations in mean 
monthly precipitation across different meteorological sta-
tions (Figure 4). Bhagla meteorological station recorded 
the highest mean monthly precipitation of 11 mm in June, 
closely followed by 43 mm in July. Conversely, October and 
November witnessed the lowest monthly rainfall. Similar-
ly, Din Garh station experienced substantial precipitation 
in January (5.5 mm) and July (43 mm) throughout the pe-
riod 1980–2020. Conversely, Fort Abbas station reported 
the highest mean monthly rainfall of 54 mm, 58 mm, and 
86 mm in July, August, and September, respectively, while 
January recorded 22 mm during the same period.

In contrast, Khanpur station registered the lowest 
mean monthly rainfall of 2.9 mm in June, 18 mm in July, 
and a minimum recorded rainfall of 0.7 mm in October, 
with December recording 5.1 mm betweenn1980-2020. 
Mauj Garh station data revealed 6.2 mm of rainfall in June, 
45 mm in July, and 60 mm in September, with a signifi-
cant drop to 1.3 mm in October, indicating considerable 

variation compared to other stations. Similarly, Bhagla 
station experienced the highest mean monthly rainfall of 
60 mm in September and the lowest of 1.1 mm in October 
(1980–2020). Furthermore, both Mauj Garh and Fort Ab-
bas stations recorded the lowest mean monthly rainfall of 
3.5 mm in December and the highest of 72 mm in Septem-
ber. These findings underscore the presence of substantial 
variations in rainfall patterns among meteorological sta-
tions, attributed to factors such as geographical location, 
altitude, and temporal intervals.

Precipitation Seasonality in the Cholistan Desert
The Cholistan Desert exhibits marked seasonality in pre-
cipitation, with extended dry periods interrupted by in-
frequent rainfall, predominantly during the summer 
monsoon season (July to September). Over the study pe-
riod from 1981 to 2020, this seasonal precipitation pat-
tern has shown considerable variability, inf luencing the 
region’s water availability and environmental conditions. 
Analysis of precipitation data using the Standardized Pre-
cipitation Index (SPI) at DinGarh and MaujGarh meteor-
ological stations indicates a gradual increase in drought 
severity (Figure 5). Severe drought events were document-
ed in the years 1981, 1988, 1997, 1999, 2002, 2007, 2018, and 
2019, with prolonged dry spells particularly common dur-
ing the early spring and summer months. These dry peri-
ods, exceeding several consecutive months in some years, 

Figure 3. Cholistan Desert, slope magnitude for annual precipitation (Inches).
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Figure 4. Spatial distribution of mean monthly rainfall (mm) for 12 months marked as Jan to Dec
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reveal the challenges of sustaining adequate water levels 
in surface storage structures like tobas and kunds, which 
rely heavily on the limited monsoon rains.

Precipitation seasonality also varies across different 
parts of the Cholistan Desert, as illustrated by differenc-
es among the selected meteorological stations. DinGarh, 
generally dry year-round, experienced brief wet periods 
in years like 1982, 1993, and 2007, which temporarily im-

proved water storage and vegetation conditions. Con-
versely, MaujGarh encountered more severe dry spells in 
years such as 1983, 1990, and 2020, with near-total precipi-
tation deficits contributing to extreme aridity. Bhagla and 
Khanpur stations similarly recorded prolonged dry spells 
in 1981, 1983, 1986, 1994, and 2002, punctuated by occa-
sional wet years like 2005 and 2007, which offered tempo-
rary relief.

Figure 5(a). Seasonality and drought analysis of the Cholistan Desert using SPI. Fort Abbas precipitation seasonality
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Figure 5(b). Seasonality and drought analysis of the Cholistan Desert using SPI. DinGhar precipitation seasonality
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Figure 5(c). Seasonality and drought analysis of the Cholistan Desert using SPI. Bhagla precipitation seasonality
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Figure 5(d). Seasonality and drought analysis of the Cholistan Desert using SPI. MoujGarh precipitation seasonality
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Figure 5(e). Seasonality and drought analysis of the Cholistan Desert using SPI. Khanpur precipitation seasonality
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Discussion

The results indicate that Din Garh and Mauj Garh stations 
exhibit significant declining trends in annual rainfall, 
as evidenced by negative Kendall’s Tau values and neg-
ative Sen’s slopes. Specifically, Din Garh showed a Ken-
dall’s Tau of -0.410 (p-value < 0.0001) and a Sen’s slope of 
-0.088, while MaujGarh displayed a Kendall’s Tau of -0.441 
(p-value < 0.0001) and a Sen’s slope of -0.059. Conversely, 
Bhagla, Khanpur, and Fort Abbas stations demonstrated 
significant increasing trends in annual rainfall. Bhagla’s 
Kendall’s Tau was 0.5154 (p-value = 0.000637) with a Sen’s 
slope of 0.0318, Khanpur’s Kendall’s Tau was 0.4615 (p-val-
ue = 0.000144) with a Sen’s slope of 0.1102, and Fort Abbas’s 
Kendall’s Tau was 0.196 (p-value = 0.015) with a Sen’s slope 
of 0.098. Hussain and Abbas (2029) also reported similar 
trends with rainfall variability ranging from 100 mm to 
200 mm, while occasionally reaching to 300 mm. The anal-
ysis of mean monthly rainfall patterns also revealed signif-
icant seasonal variability across the stations. For instance, 
Bhagla and Fort Abbas stations recorded the highest mean 
monthly rainfall during the monsoon months (June to Sep-
tember), with Bhagla peaking at 11 mm in June and 43 mm 
in July, and Fort Abbas recording 54 mm, 58 mm, and 86 
mm in July, August, and September, respectively. In con-
trast, the lowest rainfall was observed in the dry months of 
October and November. 

The hypothesis of this study postulated that there are 
significant spatial and temporal variations in annual and 
monthly rainfall patterns across the study area driven by 
a combination of climatic and geographical factors. This 
hypothesis was tested using the Mann-Kendall (MK) trend 
test and Theil-Sen’s Slope (TSS) estimator applied to rain-
fall data from five meteorological stations. The results 
support the hypothesis, confirming significant spatial 
and temporal variations in rainfall patterns. The observed 
trends in annual and monthly rainfall, along with the var-
ying slope magnitudes, explain the inf luence microcli-
mate factors. The spatial variability also reveals the com-
plex interplay of local and regional climatic inf luences.

The declining trends observed at Din Garh and Mauj 
Garh stations indicate a worrying reduction in annual 
rainfall. These trends suggest an increasing aridity in the 
proximal areas, potentially exacerbating desertification 
processes. This is consistent with broader climate change 
predictions that arid regions will become drier due to al-
tered atmospheric circulation patterns and reduced mois-
ture availability (Haider et al., 2021). The significant nega-
tive trends at these stations highlight the urgent need for 
enhanced water conservation strategies. The reduction in 
rainfall at these locations poses severe risks for both local 
agriculture and the availability of potable water, directly 
impacting the livelihoods of communities dependent on 
these water sources (Wahla & Kazmi, 2022).

The spatial variability in precipitation trends observed 
in the Cholistan Desert ref lects similar patterns seen in 
other arid regions around the world, where climate change 
often drives complex patterns of both increasing and de-
creasing rainfall across short distances. For instance, 
studies in the Sahara Desert and the adjacent Sahel region 
reveal a heterogeneous rainfall distribution, with some ar-
eas experiencing intensified dryness while others exhibit 
a “greening” effect due to seasonal increases in precipita-
tion (Badr et al., 2016; Biasutti, 2019). In India’s Thar De-
sert, research has documented both spatial and temporal 
variations in rainfall, inf luenced by shifts in monsoon in-
tensity and direction, which are shaped by microclimat-
ic and atmospheric factors similar to those impacting the 
Cholistan Desert (Saini et al., 2022; Singh & Choudhary, 
2023). The Rub’ al Khali region in the Arabian Desert also 
shows variable precipitation trends, with slight increas-
es in some areas attributed to the inf luence of the Indi-
an Ocean Dipole (IOD). However, the overall trend in the 
region leans toward reduced precipitation, which fur-
ther exacerbates water scarcity (Almazroui et al., 2012). In 
contrast, the Atacama Desert in South America predom-
inantly exhibits declining rainfall patterns, largely inf lu-
enced by the Pacific Decadal Oscillation (PDO) and El Niño 
events, resulting in intensified aridity (Houston & Hart-
ley, 2003).

Conversely, the increasing rainfall trends at Bhagla, 
Khanpur, and Fort Abbas stations suggest a different mi-
croclimatic inf luence. These areas show positive slopes 
in their annual rainfall patterns, indicating a trend to-
wards wetter conditions. This spatial variability within the 
Cholistan Desert can be attributed to localized climatic 
factors and possibly the inf luence of the Indian monsoon 
as also suggested by (Wariss et al., 2013), while similar lo-
calized trends can be observed in other surrounding de-
serts such as Nara Desert in Sindh as reported by (Qureshi 
& Bhatti 2008). 

The significant seasonal variability in monthly rainfall 
further suggests the challenges of water resource manage-
ment in the Cholistan Desert. The pronounced peaks during 
the monsoon months (June to September) contrast sharp-
ly with the dry periods experienced throughout the rest of 
the year. This variability necessitates effective rainwater 
harvesting and storage systems to capture and utilize the 
monsoon rains efficiently. The existing rainwater harvest-
ing practices, as mentioned in Hussain and Abbas (2019), 
including the use of tobas and kunds, are vital but require 
significant improvements to address seepage, evaporation, 
and contamination issues. Climate change impacts in the 
Cholistan Desert are evident through the observed trends 
in rainfall. The increasing temperature and changing pre-
cipitation patterns align with global climate change mod-
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els predicting more extreme weather events, including 
both severe droughts and intense rainfall periods (Bashir 
and Hanif 2018). These changes necessitate adaptive strate-
gies that enhance resilience to climate variability. Improved 
meteorological monitoring, coupled with advanced mode-
ling techniques, can provide better predictions, and inform 
more effective water management policies.

Water scarcity remains a critical issue in the Cholistan 
Desert, directly linked to the observed rainfall trends 
(Afzal & Rizwan 2017). The areas experiencing declining 
rainfall trends are likely to face heightened water scarci-
ty, exacerbating the challenges of sustaining local popu-
lations and their agricultural activities. The results from 
this study unveil the vulnerability of the region to pro-
longed dry spells, with the majority of rainfall occurring 
during the monsoon season (July to September). However, 
this monsoon rainfall is often inconsistent, leading to ex-
tended periods of drought, especially in early spring and 
summer, which poses significant challenges for maintain-
ing water levels in traditional storage systems such as to-
bas and kunds. The gradual increase in drought severity 

observed at DinGarh and MaujGarh stations, as indicat-
ed by the Standardized Precipitation Index (SPI), under-
scores the pressing issue of water scarcity, which is exac-
erbated by climate variability.

The spatial variation in precipitation seasonality across 
different parts of the desert further complicates water re-
source management. For instance, DinGarh experienced 
sporadic wet years, providing brief but essential relief for 
water storage, whereas MaujGarh encountered more fre-
quent and severe droughts, leading to greater environ-
mental stress. Similarly, stations like Bhagla and Khan-
pur, which experienced prolonged dry spells interrupted 
by only occasional wet years, reveal the uneven distribu-
tion of precipitation across the desert. This variability em-
phasizes the need for tailored water management prac-
tices in different regions of Cholistan. Improving and 
expanding rainwater harvesting infrastructure, as well as 
enhancing drought resilience through sustainable water 
storage and conservation practices, would be essential for 
adapting to the area’s increasingly unpredictable precipi-
tation patterns. 

Conclusion and Research Prospects

This study delved into the analysis of rainfall patterns in the 
Cholistan Desert, located in South Punjab, Pakistan, uti-
lizing temporal rainfall data collected from meteorologi-
cal stations including DinGarh, MaujGarh, Bhagla, Khan-
pur, and Fort Abbas. Through advanced GIS technology 
and statistical modeling, trends and f luctuations in rain-
fall were examined, shedding light on the changing precip-
itation dynamics in the region. The analysis revealed nota-
ble trends in annual rainfall across various meteorological 
stations. Particularly, a significant upward trend in precip-
itation was observed at Fort Abbas, Bhagla, and Khanpur 
stations, indicating an increase in rainfall over the study pe-
riod. Conversely, DinGarh and MaujGarh stations showed 
less significant trends, suggesting a more stable or declin-
ing rainfall pattern. Furthermore, the application of Theil-
Sen’s Slope (TSS) method provided deeper insights into the 
temporal trends of precipitation. Positive Sen’s slopes were 
identified at Bhagla, Khanpur, and Fort Abbas stations, in-
dicating an increasing trend in rainfall intensity over the 
past four decades. Conversely, Din Garh and Mauj Garh sta-
tions exhibited negative Sen’s slopes, signifying a decreas-
ing trend in precipitation. The analysis of mean monthly 
rainfall patterns highlighted significant variations across 
different months and meteorological stations. While cer-
tain months like July and September experienced substan-
tial rainfall, others such as October and November record-
ed minimal precipitation. These variations underscore the 
complex interplay of seasonal and geographical factors in-
f luencing rainfall distribution in the Cholistan Desert.

This study provides insights into the spatio-temporal 
trends of rainfall variability in the Cholistan Desert. The 
observed trends indicate a shift in precipitation patterns, 
with some areas experiencing an increase while others 
show a decline in rainfall intensity over time. These find-
ings have significant implications for water resource man-
agement and agricultural practices in the region. Climate 
change-induced f luctuations in precipitation pose a sub-
stantial challenge to the already scarce water resources in 
the Cholistan Desert. The occurrence of extreme weath-
er events like droughts and heatwaves further exacer-
bates the vulnerability of local communities, threaten-
ing their livelihoods and well-being. Moving forward, it 
is imperative to conduct further research to better under-
stand the underlying drivers of rainfall variability in the 
Cholistan Desert and its broader implications for climate 
change adaptation and mitigation strategies. The integra-
tion of remote sensing technology and advanced modeling 
techniques can enhance our ability to monitor and pre-
dict changes in precipitation patterns, thereby informing 
more effective decision-making processes and resource 
allocation efforts. Addressing the challenges posed by cli-
mate change and water scarcity requires a multi-discipli-
nary approach, involving collaboration between scientists, 
policymakers, and local communities. By fostering great-
er awareness and understanding of climate-related risks 
and vulnerabilities, we can work towards building resil-
ience and sustainable development in the Cholistan De-
sert and beyond. 
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The Cholistan Desert, with its harsh arid-to-semi-ar-
id climate and remote location, presents several limita-
tions for this study. The availability of meteorological data 
is limited, as there are few stations in the region, many 
of which lack long-term, continuous records and modern 
monitoring technologies. These stations cover only a por-
tion of the vast desert, which restricts the spatial compre-
hensiveness of the data.

To improve future investigations of precipitation 
trends in the Cholistan Desert, ef forts should focus on 

enhancing data quality and spatial coverage. Expanding 
the network of meteorological stations and upgrading 
existing ones with advanced technologies would enable 
more accurate and frequent data collection. Addition-
ally, integrating high-resolution satellite imagery with 
ground-based data can provide a broader view of precipi-
tation patterns. Employing advanced techniques, such as 
machine learning models, could also help capture com-
plex precipitation variations that may be missed by tra-
ditional methods. 
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