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Abstract—The territory of the Mura-Drava-Danube Transboundary Biosphere Reserve is 
large and includes natural and built-up areas that local communities and tourists use 
during their outdoor work-related or recreational activities. These activities are affected 
by the outdoor thermal conditions, especially in the age of changing climate. In this paper 
we investigate micrometeorological and outdoor thermal comfort conditions in different 
natural and built-up environments at the area of the Bačko Podunavlje Biosphere Reserve. 
We chose one clear and calm day every month from October 2020 to June 2021, and 
performed measurements simultaneously at three different locations: settlement, 
riverside, and lake at midday hours. The results showed that thermal conditions differ 
between the different built-up and natural areas, and built-up areas tend to experience up 
to 7% less cold stress during the colder period than the other two sites according to the 
physiological equivalent temperature (PET) index. On the other hand, built-up area 
experiences more frequent strong and extreme heat stress during the warmer months. 
These and more detailed results presented in the paper indicate the most comfortable 
periods for outdoor activities in different natural or built-up environments. 
 
Key-words: Mura-Drava-Danube Transboundary Biosphere Reserve, micrometeorological 
measurements, thermal comfort, physiological equivalent temperature (PET), modified 
physiological equivalent temperature (mPET) 
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1. Introduction 

Biosphere reserves are ‘learning places for sustainable development’. They 
serve as testing grounds for interdisciplinary approaches to understanding and 
dealing with changes and interactions between social and ecological systems, in 
addition to conflict prevention and management of biodiversity. They are places 
that tackle global challenges by providing local solutions. The main idea that is 
promoted by establishing biosphere reserves is to offer solutions reconciling the 
conservation of biodiversity with its sustainable use. There are currently 738 
biosphere reserves in 134 countries, including 22 transboundary sites 
(https://en.unesco.org).  

According to Pool-Stanvliet and Coetzer (2020), biosphere reserves have a 
responsibility to promote and support interdisciplinary and transdisciplinary 
research that is relevant to society. The complex interaction between people and 
the natural environment is embedded in biosphere reserves, and it is this 
interconnectedness that drives sustainability science. Their aim is to conserve 
biodiversity, demonstrate sustainable development, undertake research and 
monitoring, and educate and train at the local level. 

In the large area of Bačko Podunavlje Biosphere Reserve (BPBR), there are 
both natural areas and built-up areas - settlements whose population lives and 
works inside the biosphere reserve area. Built-up areas mainly consist of mid-
rise family houses, which are not very densely built. Natural areas inside the 
BPBR are complex and different in terms of vegetation types, species, and 
presence of water bodies (see details in Section 2.1). Along with the global 
climate change issues, various types of land use and land cover influence the 
microclimatological conditions and thermal characteristics in different areas of 
the biosphere reserve. Climate change impacts land use by altering vegetation 
patterns, affecting agricultural practices, and shifting biodiversity, and can lead 
to both challenges, such as increased extreme weather events and water scarcity, 
and opportunities, such as extended growing seasons and new agricultural 
prospects. The area of BPBR is large with multiple types of human activities, 
such as agriculture, forestry, fishing, tourism, etc. Tourism activities in 
biosphere reserves are encouraged as a part of their sustainable development 
strategy (Mondino and Beery, 2019). As stated by Jamaliah and Powell (2017), 
ecotourism development in biosphere reserves require further adaptation 
planning and policies, to ensure robust and proactive measures that are capable 
of responding to climate change threats. Nature based touristic activities, such as 
activities in biosphere reserves are mostly performed outdoors, so they require 
fine weather and comfortable thermal conditions (Milošević et al., 2020). 
Impacts on these biological systems are driven by natural processes, such as 
climate change and human development. Therefore, knowledge about climate 
and biometeorological conditions in specific areas is important for adequate 
planning of human activities and sustainable development of the area. Analyses 
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of the instrumental records represent the best available means to document 
recent climate change (Hamilton et al., 2020). 

In this study we analyzed the 10-year data from the nearby Sombor official 
meteorological station. The data from Sombor official station included morning, 
midday, and evening records (0700, 1400, 2100 CET). Based on that data we 
selected midday hours as the hours when most human activities take place. 
Additionally, we performed a series of micrometeorological measurements in 
three different sites inside the Bačko Podunavlje Biosphere Reserve (BPBR). 
The sites represent different types of environments, one built-up, and two 
natural sites: blue and green. These sites were selected because of their specific 
natural conditions, but also because of the activities of the local population that 
live and work in this area, and visitors who often come to the riverside and lake 
for recreation. 

Site specific micrometeorological studies were already used in various 
studies and areas. Some of them examined the impact of different level of built-
up areas and the presence of green and blue areas (e.g., Milošević et al. 2022a, 
2022b; Vasić et al., 2022), or effects of artificial and natural shade including the 
efficiency of different types and location of the vegetation (e.g., Colter et al. 
2019; Milošević et al. 2017), or the effects of different cooling strategies (e.g., 
Vanos et al., 2020; Anderson et al., 2022). These studies indicate that there are 
differences in thermal conditions even if they are located at a close distance 
from each other. However, most of the studies that are dealing with natural and 
protected areas rely on the data obtained from the official weather stations, 
without assessment of site-specific thermal conditions (Bleta et al., 2014; Brosy 
et al. 2014; Basarin et al., 2014, 2018; Pecelj et al., 2017; Błażejczyk et al., 
2021a). Consequently, usually the analyses were done using the average 
monthly or daily data. As stated in Basarin et al. (2014), daily and hourly values 
of air temperature, relative humidity, wind speed, precipitation, and cloud cover 
would be beneficial for better understanding different bioclimatic conditions of 
the area. These are the gaps that present study fills. Even though previous 
studies do not provide site specific data, they provide very useful insight into 
long-term conditions. 

There are fewer studies dealing with bioclimatic conditions of non-urban 
areas compared to the studies that assess urban bioclimatic conditions. However, 
the ones that do bioclimatic analysis of the non-urban areas, usually use indices 
such as physiological equivalent temperature (PET) (Farajzadeh and Matzarakis, 
2012; Basarin et al., 2014; Milošević et al., 2020), or universal thermal climate 
index (UTCI) (Basarin et al., 2017; Pecelj et al., 2017; Błażejczyk et al., 2021b). 
It is found that these indices are suitable for bioclimatic assessment, because 
they are easy to understand and use ºC as a unit which is familiar for majority of 
people.  

The aim of this study is to evaluate the impact of different surroundings 
(built-up area, green-blue area, and blue area) of a protected area on human 
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bioclimatic conditions, using the measured data from specific micro-locations. 
Such measurements give insight into the specific microclimatological conditions 
of the area, that have an impact on human outdoor activities. The main objective 
of measurements was to identify the most convenient environments in midday 
hours during the different seasons (autumn, winter and summer). The study of 
Błażejczyk et al. (2021a) shows that for active forms of recreation in natural 
environments, autumn, winter, and spring months are more convenient than 
summer months due to very oppressive weather in summer months, especially in 
south (Serbia, southern Ukraine). Due to the fact that weather/climate influences 
and affects people during their activities, it is useful to examine the bioclimatic 
conditions, and to apply a classification and assessment (Matzarakis, 2006, 
2010). Micrometeorological measurements of this kind provide valuable 
information for human activities planning according to the most comfortable 
hours of the day, which contributes to sustainable development of the area 
(Milošević et al., 2020). Investigating bioclimatic conditions in these sites 
contributes to planning mentioned activities and sustainable management of the 
area.  

2. Study area, data, and methods 

2.1. Study area 

The Bačko Podunavlje Biosphere Reserve (BPBR) is situated on the peripheral 
northwestern part of Serbia, western part of the Autonomous Province of 
Vojvodina, that is in the west of its geographical-historical unit – Bačka. 
Towards the inner part of Serbia, the border of the biosphere reserve is drawn 
towards the borders of cadastral municipalities of numerous settlements. 
Biosphere reserve covers an area of 176,635 ha, within which there are three 
zones: a core (11,242 ha), a buffer zone (45,744 ha), and a transition zone 
(119,649 ha). Since 2021, the Bačko Podunavlje Biosphere Reserve has been an 
integral part of the the first transboundary UNESCO Biosphere Reserve (Mura-
Drava-Danube Biosphere Reserve), that stretches across five countries Austria, 
Slovenia, Croatia, Hungary, and Serbia (UNESCO, 2022). The population of the 
biosphere reserve is estimated at 147, 405 inhabitants. They live in 26 
settlements (according to the results of the latest census in 2011), in the town of 
Sombor and municipalities Odžaci, Bač, and Bačka Palanka (Obradović et al., 
2021). 

Natural and cultural values of the Bačko Podunavlje Biosphere Reserve 
are, through the territories of the neighboring countries, connected with 
700 kilometers long ecological corridor along the Mura, Drava, and Danube 
rivers. The Mura-Drava-Danube Biosphere reserve is also known by the 
informal name “European Amazon” (Stojanović, 2018). The area of the Bačko 
Podunavlje Biosphere Reserve is the largest conserved floodplain complex in 
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the upper course of the Danube River in Serbia, and one of the largest 
floodplains along the middle section of the Danube. The area has a specific 
combination of ecological conditions: it is situated in the contact zone between 
the central and southeastern European forest zone with steppes, and it has 
characteristic hydrological dynamics. The primary habitats are: alluvial forests, 
Pannonian salt steppes and salt marshes, mesotrophic standing waters, natural 
eutrophic lakes, muddy river shores, alluvial wetlands, wet meadows, sand 
deposits, river islets, sand shores, floodplains, oxbows, abandoned river beds, 
meanders (UNESCO, 2016). The floodplain complex along the Danube has rich 
fauna, in particular: Bechstein’s bat (Myotis bechsteinii), otter (Lutra lutra), and 
red dear (Cervus elaphus). A prime butterfly area (PBA) called “Gornje 
Podunavlje”exists in Bačko Podunavlje Biosphere Reserve: In total, 156 taxa of 
butterflies have been recorded in this area. The floodplain is also very important 
as a fish spawning site (UNESCO, 2022). The area of the BPBR includes five 
protected areas: the Gornje Podunavlje Special Nature Reserve, the Karađorđevo 
Special Nature Reserve, the Tikvara Nature Park, the Šuma Junaković Nature 
Heritage Site, and the Bukinski Hrastik Regional Nature Park (Tucakov, 2018).  

According to the Köppen-Geiger climate classification, this region has a 
Cfb climate (temperate climate, fully humid, and warm summers, with at least 
four Tmon ≥ + 10 °C) (Kottek et al., 2006). The mean monthly air temperature 
ranges from −0.1 °C in January to 21.9 °C in July. The mean annual 
precipitation is 612 mm. Average wind speeds are from 1.7 m/s for SSW 
direction to 3.1 m/s for N direction (Milošević et al., 2020). 

2.2. Data and methods 

In this study we used two datasets: 
1. For background information we used long-term data from Sombor 

meteorological station, for the period 2010–2019. 
2. For the specific bioclimatic assessment in three particular sites, monthly 

series of micrometeorological measurements (from October 2020 to June 
2021) was performed using Kestrel 5400 Heat Stress Meter.  

General long-term climate characteristics of the BPBR area are assessed with 
data from the official meteorological station of Sombor (45° 46’ N 19° 09’ E, 88 
m a.s.l.). This station is operated by the Republic Hydrometeorological Service 
of Serbia and is closest to the area of interest (63–66 km away from all three 
locations). Sombor meteorological station is located in natural surroundings 
bordering the suburban area (Milošević et al., 2020). Since the distance of the 
Sombor official station from the areas of interest is quite large, 
micrometeorological campaign was performed monthly from October 2020 to 
June 2021. The measurement sites are located at a short distance from each other 
inside the Bačko Podunavlje Biosphere Reserve, but they are different in terms 
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of vegetation types, presence of water bodies, and a level of build-up area. These 
locations include village Vajska (built-up area), lake Provala (blue area), and 
Berava as southern part of small river Živa, in the past meander of the Danube 
(blue and green area) (Fig. 1).  
The measurement campaigns were planned and conducted in the following 
manner. We chose one clear and calm day every month from October 2020 to 
June 2021, and performed measurements simultaneously at three different 
locations: settlement Vajska (grey/ built-up area), riverside Berava (green-blue 
area), and lake Provala (blue area). Measurements were performed from 12:00 
to 15:00 p.m. (Central European Time CET). Midday hours were selected for 
measurements, because during these hours wind speeds and cloud cover are low. 
Measurement data for November 2020 and March 2021 were not presented due 
to the high percent of missing values (>5%) for globe temperature (Tg), which 
affect the calculation of mean radiant temperature (Tmrt) and consequently the 
PET and mPET outcome. The analysis of the results was done by splitting the 
results in colder (October, December, January, February) and warmer (April, 
May, June) months.  
We used three mobile Kestrel 5400 Heat Stress Trackers (Fig. 1) to measure air 
temperature (Ta in ℃), relative humidity (RH in %), wind speed (v in m-1), and 
globe temperature (Tg in ℃) with one-minute temporal resolution. 1-minute 
values were later averaged to 15-minute values for the analysis. The 
measurements were performed at approximately 1.1 m height representing the 
center of gravity of the human body for standing subjects (ISO 7726, 1998). The 
Kestrel Heat Stress Trackers were deployed at least 10 minutes before the start 
of the measurement time to allow sensors to adjust to the atmospheric conditions 
at the site. The instruments were calibrated according to the manufacturers 
specifications, and their accuracy complies with ISO 7726 (1998) standards for 
sensor measurement range and accuracy (Table 1). Similar measurement settings 
were already used in previous studies (Milošević et al., 2020, 2022).  
 



313 

 
Fig. 1. Study area and measurement instruments in three different sites: 1) blue-green 
area – riverside Berava; 2) blue area – lake Provala and 3) built-up area – settlement 
Vajska (Source: photos by authors; figure by Stojanović and Savić, 2013)  

 
 
 

Table 1. Accuracy, resolution, and range of Kestrel 5400 Heat Stress Tracker sensors 

Sensor Accuracy (+/-) Resolution Range 

Air temperature 0.5 ºC 0.1 ºC -29.0 to 70.0 ºC 

Relative humidity ±2% RH 0.1% RH 10 to 90 % 25 ºC  
non-condensing 

Wind speed Larger than 3% of 
reading, least significant 
digit of 20 ft/min 

0.1 m/s 0.6 to 40.0 m/s 

Globe temperaturе  1.4 ºC 0.1 ºC -29.0 to 60.0 ºC 
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For the bioclimatic analysis and outdoor thermal comfort assessment, mean 
radiant temperature (Tmrt), physiologically equivalent temperature (PET) and 
modified physiologically equivalent temperature (mPET) were selected. Tmrt is 
calculated using the formula from Thorsson et al., (2007): 
 

 
 
where air temperature, Ta, globe temperature, Tg, and wind speed, v were 
obtained from in situ measurements, D represents the globe diameter (mm), and 
ɛ is the globe emissivity. 

With the calculated Tmrt, and measured values for Ta, RH, and v, including 
default values for personal characteristics (age, height, weight, clothing, and 
work metabolism), we calculated PET and mPET values for each of the 
measurement sites. The physiologically equivalent temperature (PET) index is 
one of the most commonly used thermal indices in temperate climates (Pecelj et 
al., 2021; Coccolo, 2016), and it uses widely known unit (°C), which makes the 
interpretation of the results easier for people less familiar with human 
biometeorology (Brosy et al., 2014). According to Höppe (1999), PET 
represents “the air temperature at which, in a typical indoor setting (without 
wind and solar radiation), the energy budget of the human body is balanced with 
the same core and skin temperature as under the complex outdoor conditions to 
be assessed”. PET index is based on a two-node thermo-physiological heat-
balance model (Munich Energy-balance Model for Individuals (MEMI)), and 
the mean radiant temperature (Tmrt) (Höppe, 1999).  

The modified physiologically equivalent temperature (mPET) is developed 
by Chen and Matzarakis (2018). It uses a multi-node heat transport model equal 
to the Fiala model (Fiala et al., 2001), and a self-adapting multi-layer clothing 
model, which simulates water vapor resistance. Due to the integration of 
clothing variability according to the thermal conditions, mPET gives improved, 
more realistic representation of human thermal comfort (Chen and Matzarakis, 
2018). The calculations of both PET and mPET indices were performed using 
the RayMan model (Matzarakis et al., 2007, 2010b). PET classes are 
categorized according to thermal sensation and physiological stress level of 
humans (Matzarakis and Mayer, 1996) and are presented in the Table 2. mPET 
uses the same classification scale. 
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Table 2. PET index threshold values for the thermal sensation and the physiological stress 
level of humans (after Matzarakis and Mayer, 1996). 

PET (ºC) Thermal sensation Physiological stress level 

      <4.1 Very cold Extreme cold stress 
  4.1–8.0 Cold Strong cold stress 
  8.1–13.0 Cool Moderate cold stress 
13.1–18.0 Slightly cool Slight cold stress 
18.1–23.0 Comfortable No thermal stress 
23.1–29.0 Slightly warm Slight heat stress 
29.1–35.0 Warm Moderate heat stress 
35.1–41.0 Hot Strong heat stress 
      >41.0 Very hot Extreme heat stress 

 
 

3. Results 

3.1. Background information 

The data for background information on weather conditions in the study area are 
obtained from the official weather station in Sombor. This weather station 
records the values of meteorological conditions at 7:00, 14:00, and 21:00 (CET). 
Fig. 2 shows average values of air temperature and relative humidity for the 
period 2010–2019.  
 
 

 
Fig. 2. Climate data obtained from Sombor official meteorological station (average values of 
Ta and RH) for the period 2010-2019 at 7:00, 14:00 and 21:00 (CET). 
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The results show that the temperatures are positive most of the time, except 
for the early morning temperatures in January and February. As expected, the 
highest Ta and the lowest RH are observed in the midday hours (14:00). It can 
also be noticed that the dynamics of RH values are showing direct inverse 
relationship to air temperature, which has already been reported in previous 
studies (e.g., Yang et al., 2020; Dunjić et al., 2021). 

If we compare 10-year (2010-2019) average monthly midday hour (14:00) 
Ta and RH values from the official weather station (in Sombor) with the average 
measured Ta and RH values in the three selected sites: 1) blue-green area – 
riverside Berava; 2) blue area – lake Provala, and 3) built-up area – settlement 
Vajska, we can notice that the values are slightly different (Table 3).  
 
 

Table 3. 10-year average monthly midday (14:00) Ta and RH values (official weather 
station Sombor) and average measured Ta valuesin three selected sites in the biosphere 
reserve 

Site October December January February April May June 
Sombor 17.7 4.7 3.6 5.5 18.3 21.5 26.2 
Site 1-R 20.5 4.8 4.8 14.5 22.6 25.9 30.7 
Site 2-L 19.4 4.7 5.6 13.5 22.0 25.6 31.4 
Site 3-S 20.0 5.0 5.4 13.1 23.9 26.5 30.8 
 
 
 

Higher air temperatures in the specific sites in the biospehere reserve 
during the measurement days compared to the 10-year monthly average from the 
official weather station is observed in almost all months except for the winter 
months, December and January. This is due to the selection of the 
micrometeorological measurement days, where calm and clear days were 
chosen. Data from the official weather station in Sombor represent averaged 
monthly data at 14:00 (CET), from the 10-year period, which included clear and 
cloudy days. When it comes to micrometeorological measurements, calm and 
clear days are usually selected, because they secure minimal wind interference, 
stable atmospheric conditions, accurate solar radiation measurements, and 
reduced possibilities for errors by the device. Stable conditions provide that 
measurements are representative to the selected micro-location, because many 
instruments tend to be sensitive to rapid changes in environmental conditions 
(strong winds, precipitation, cloud cover that block or diffuse solar radiation, 
etc.), which can cause errors or require frequent recalibration (Arya, 2001; Oke, 
1987). Other reason for this difference is that official weather station is located 
not very close to the measurement sites, but that is the closest that exists. The 
official weather station in Sombor is approximately 65 km away from the 
measurement locations, so Ta and RH data obtained from this station served as 
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the background referent dataset but cannot be representative for the 
microclimatological conditions at the certain sites. Therefore, we performed a 
series of micrometeorological measurements, to provide more detailed 
assessment of bioclimatic conditions inside the biosphere reserve. 

3.2. Micrometeorological measurements 

3.2.1. Air temperature 

In the colder period (October, December 2020, and January, February 2021), the 
highest average air temperature was observed at the riverside (Taver=11.15 ºC). 
In the other two locations (settlement and lake), the average air temperatures in 
the colder period were slightly lower (Taver=10.9 ºC and 10.77 ºC respectively). 
The maximum average air temperature was also recorded at the riverside 
(Tmax=23.4 ºC), while lower average maximum temperatures were observed at 
the lake Provala (Tmax=21.90 ºC), and settlement Vajska (Tmax=20.95 ºC). At the 
settlement measurement site, the highest minimum temperatures were recorded 
(Tmin=2.90 ºC). The largest temperature range (20.80 ºC) and standard deviation 
(6.80) were observed at the riverside measurement location (Table 4). 

In the warmer period, however, the highest average air temperature was 
observed in the settlement (Taver=27.11 ºC), while at the other two locations 
average air temperatures were lower and quite similar (Taver=26.42 ºC at the 
riverside, and 26.37 ºC at the lake). The highest extreme air temperatures 
(maximum and minimum) were also observed in the settlement (Tmax=33.25 ºC, 
and Tmin=22.55 ºC), while slightly lower maximum and minimum air 
temperatures were observed at other locations. The lake measurement site had 
the largest temperature range (12.99 ºC). Standard deviations were lower in 
warmer period compared to the colder period, and their values ranged from 3.07 
(settlement) to 4.08 (lake).  
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Table 4. Main statistical characteristics of air temperature (Ta), globe temperature (Tg), 
relative humidity (RH), wind speed (v), Mean Radiant Temperature (Tmrt), physiologically 
equivalent temperature (PET) and modified physiologically equivalent temperature 
(mPET) in diverse urban environments of the Bačko Podunavlje Biosphere Reserve in the 
colder period (measurement period October, December, January, February; 12-15 CEST), 
and in the warmer period (measurement period April, May, June; 12–15 CEST). 

 Ta Tg RH v Tmrt PET mPET 
Envir. S R L S R L S R L S R L S R L S R L S R L 

Colder period (October, December, January, February; 12-15 p.m. CEST) 

Aver. 10.90 11.15 10.77 19.95 18.05 17.92 56.67 57.81 58.08 0.97 1.24 1.29 39.41 34.67 36.17 18.14 15.49 15.60 19.50 17.17 17.29 

max 20.95 23.40 21.90 34.32 33.20 31.75 79.20 81.40 82.10 1.57 2.18 2.43 64.88 59.77 68.48 35.40 33.70 32.10 32.70 31.50 30.40 

min 2.90 2.60 3.67 6.44 3.87 4.90 36.95 39.60 39.85 0.41 0.00 0.00 9.88 3.14 7.06 3.90 -0.30 0.90 7.80 3.90 5.10 

range 18.05 20.80 18.23 27.88 29.33 26.85 42.25 41.80 42.25 1.15 2.18 2.43 55.00 56.63 61.42 31.50 34.00 31.20 24.90 27.60 25.30 

stdev 6.24 6.80 6.17 9.59 9.54 8.81 13.14 14.22 13.58 0.29 0.46 0.59 17.57 16.34 18.51 10.88 11.04 10.32 8.62 8.91 8.29 

Warmer period (April, May, June; 12-15p.m. CEST) 

Aver. 27.11 26.42 26.37 40.15 39.44 39.59 40.52 42.10 42.09 0.72 0.93 1.07 59.49 61.98 63.60 41.37 41.07 41.38 37.72 37.45 37.76 

max 33.25 32.45 32.79 49.75 51.25 49.90 57.13 68.80 64.71 1.27 2.00 2.11 75.39 78.68 87.32 52.60 54.90 55.70 46.30 48.20 49.00 

min 22.55 19.70 19.80 28.30 27.80 28.52 29.76 29.69 28.25 0.00 0.00 0.17 28.30 27.80 33.86 27.60 26.80 27.60 26.50 26.90 26.90 

range 10.70 12.75 12.99 21.45 23.45 21.38 27.37 39.11 36.46 1.27 2.00 1.94 47.09 50.88 53.45 25.00 28.10 28.10 19.80 21.30 22.10 

stdev 3.07 3.59 4.08 5.16 6.60 6.71 8.81 10.41 10.25 0.23 0.45 0.55 9.51 12.92 14.35 6.00 7.44 8.48 4.58 5.72 6.59 

Note: Abbreviations of measurement locations are as follows: S - settlement, R - riverside,  
L - lake  

 
More detailed insight into temporal variability of air temperature at the 

three measurement locations is presented in Figs. 3 and 4, where the differences 
between the air temperatures between measurement sites are presented. In the 
colder period, air temperature differences recorded in December were quite 
similar at all locations, and their variability was low (between -1 °C and 1 °C) 
during the measurement hours. Similar results were observed in the January 
measurement campaign, but with a higher temperature range (between -2 °C, in 
the early afternoon, and 1.5 °C). In October, the air temperatures, in general, 
were higher than in other months from the colder period. Therefore, the air 
temperature differences were higher and more dynamic than in other colder 
months. The greatest differences were observed between the riverside and lake 
(~10 °C), where the air temperature was higher by the lake, in the early 
afternoon hours, but later in the midafternoon, the air temperature was higher by 
the riverside. Similar dynamics but with a lower temperature range were 
observed between the settlement and the lake. Inverse dynamics was observed 
between the settlement and river, where in the early afternoon, air temperatures 
were higher in the settlement than by the riverside, but lower in the settlement 
than by the riverside in the later afternoon. In February, the most intensive 
differences were observed in temperature differences between the riverside and 
lake (up to almost 9 °C). Similar dynamics, but with a lower temperature range 
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were noticed when observing the differences between the other two locations. 
The observed differences in air temperature between the locations can be 
attributed to different topoclimatic conditions, but also to local weather patterns. 
Different topoclimatic conditions at each site contribute to diffeences in air 
temperature and its variability. For example, the lake site has a moderating 
effect on temperature, leading to higher temperatures in its surroundings during 
the early afternoon as the water absorbs and slowly releases heat. On the other 
hand, the riverside experiences more dynamic temperature changes due to the 
moving water, which may cool the surrounding area in the early afternoon but 
can warm up quickly later in the day as solar radiation increases. The differences 
observed between the settlement and the riverside and lake sites can also be 
linked to topoclimatic influences, such as urban heat retention in the settlement 
due to built-up structures and slightly reduced vegetation. The inverse dynamics 
observed between the settlement and the riverside sites likely result from the 
differences in heat retention. Local weather patterns such as varying cloud 
cover, wind patterns, or humidity levels could enhance or mitigate the 
temperature differences at specific times of day. Additionally, the influence of 
the broader climate conditions cannot be neglected, as it sets the overall context, 
within which these topoclimatic and weather-related effects occur. 

 
 
 

 
Fig. 3. Temporal variability of differences in air temperature at the three measurement 
locations in the colder period. 

 
 

In the warmer period (Fig. 4), the dynamics between temperature 
differences were also observed but with the lower ranges than in the colder 
months. The highest temperature differences were observed in May 2021, 
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between the riverside and lake measurement locations (up to 8 °C). In April 
2021 and June 2021, the most intensive differences (up to 4 °C and 5 °C, 
respectively) occurred between settlement and riverside, in the early afternoon. 

 
 
 

 
Fig. 4. Temporal variability of differences in air temperature at the three measurement 
locations in the warmer period. 

 
 
 

3.2.2. Relative humidity 

In the colder period (October, December, 2020 and January, February, 2021), 
average relative humidity values were the same at the lake and riverside 
measurement sites (RHaver=58%), and slightly lower in the settlement (57%). 
Similarly, the highest maximum and minimum relative humidity values were 
observed at the lake measurement site, followed by the riverside and the 
settlement site (Table 3).  

In the warmer period (April, May, and June 2021), the average relative 
humidity values at the riverside and lake sites were the same (42% and 42%), 
while at the settlement site, a slightly lower value of average relative humidity 
was observed (41%). The values of maximum and minimum RH were observed 
at the riverside site, and this site showed a larger range than the other two 
locations (Table 3). 

Temporal dynamics of RH in colder period (Fig. 5) show the greatest 
differences between the riverside and lake measurement sites in the earlier hours 
(around noon). In February the differences between the two sites go up to ~14%, 
and higher levels are observed at the lake site. The lowest differences occur 
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between the settlement and riverside sites (up to ~7% higher RH in settlement 
earlier hours). In the colder period, it is possible that at some sites RH values are 
different than expected. For example, at the settlement site in the early afternoon 
hours RH is higher than at the riverside site. This is likely to happen when the 
temperature in settlement is higher during the night hours, which causes higher 
overnight moisture retention in the air, and the moisture is not fully evaporated 
by noon which leads to higher RH values in the settlement site. Additionally, 
built-up structures in the settlement act as barriers that reduce wind speed and 
affect mixing of the air. With less wind, moisture tends to stay trapped near the 
surface of the settlement area which can cause higher RH values. 
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Fig. 5. Temporal variability of differences in relative humidity at the three measurement 
locations in the colder period. 

 
 
 
 
Temporal dynamics of RH in the warmer period (Fig. 6) is similar as in the 
colder period. The greatest differences are observed between the settlement and 
riverside sites in April, when RH was up to 14% higher at the riverside than in 
the settlement.  
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Fig. 6. Temporal variability of differences in relative humidity at the three measurement 
locations in the warmer period.  
 

3.2.3. Globe temperature 

In the colder period, on average, Tg was up to 2 °C higher in the settlement than 
in the other two locations (Table 3). Maximum and minimum Tg values are also 
observed in settlement. However, in the warmer period, the average difference 
between the measurement sites was lower (less than 1 °C). It is nteresting that 
maximum and minimum Tg values were observed at the riverside site. However, 
the differences are very low (less than 1 °C). More detailed temporal dynamics 
of Tg is showed in Figs. 7 and 8. 
 
 
 

 
Fig. 7. Temporal variability of differences in globe temperature at the three measurement 
locations in the colder period. 
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Temporal dynamics in the colder period shows that larger differences 
between the sites occurred in the later measurement hours. The largest 
difference in Tg (~14 ºC) was observed between the riverside and lake site in 
February in the later measurement hours (Fig. 7). This could be due to the 
temporal cloud cover presence at the lake site that reduced the impact of solar 
radiation, which affected globe temperature that absorbs radiant heat from all 
directions, allowing the thermometer to give an integrated measure of the 
thermal environment (ASHRAE, 2017).  

In the warmer period, the largest differences were observed in June around 
noon, when Tg was 21 ºC higher by the lake than by the riverside. In the earlier 
warmer months, Tg showed low differences among the measurement sites 
(Fig. 8).  

 

 
Fig. 8. Temporal variability of differences in globe temperature at the three measurement 
locations in the warmer period. 

 

 

3.2.4. Wind speed 

In this type of microclimate measurements, usually calm and clear days are 
selected (e.g. Milošević et al., 2020, 2022a, 2022b). Therefore, we selected calm 
days with lower wind speeds for this measurement campaign. As it is shown in 
Table 3, the higher average and maximum wind speeds in both colder and 
warmer periods were observed by the lake (vaver=1.29 m/s), followed by the 
riverside site (vaver=1.24 m/s). In the settlement the average windspeeds were the 
lowest (vaver=0.97 m/s). This is due to the nature of the measurement sites, and 
slight differences in the presence of natural and built barriers (vegetation, 
buildings). The differences did not show any regular pattern between the sites, 
so a detailed temporal analysis is not provided. 
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3.3. Bioclimatological parameters 

3.3.1. Mean radiant temperature 

The highest average values of Tmrt in the colder period are observed in the 
settlement (Tmrt aver = 39.41 ºC), followed by the lake site (Tmrt aver = 36.17 ºC), 
and slightly lower values are observed at the riverside site (Tmrt aver = 34.67 ºC). 
Maximum values, however, are calculated at the lake site (Tmrt max = 68.48 ºC), 
followed by the settlement site (Tmrt max = 64.88 ºC), and the riverside site  
(Tmrt max = 59.77 ºC). In the settlement, the highest minimum values are recorded 
(Tmrt min = 09.88 ºC), followed by the lake site (Tmrt min = 07.06 ºC), and the 
riverside site (Tmrt min = 03.14 ºC) in the colder period (Table 3). 

In the warmer period, the highest average Tmrt is calculated for the lake site 
(Tmrt aver = 63.60 ºC), followed by the riverside site (Tmrt aver = 61.98 ºC) and the 
settlement (Tmrt aver = 59.49 ºC) (Table 3). 

Temporal analysis of Tmrt in colder period indicates that in most colder 
months the settlement had higher Tmrt values compared to two other sites. It also 
shows that the greatest differences occurred in later measurement hours. 
However, the largest difference is observed between riverside and lake in 
February afternoon, and the measured difference was 44.6 ºC (Fig. 9). The lake 
site is likely to have lower Tmrt due to the cooling effect of larger water body, 
that can absorb significant thermal mass and release it slower than vegetated 
areas, and built-up areas. On the other hand, settlement site experiences higher 
Tmrt due to the presence of buildings and roads, that can absorb and re-emit the 
heat faster.  
 

 
 

 
Fig. 9. Temporal variability of differences in mean radiant temperature at the three 
measurement locations in the colder period. 
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Fig. 10. Temporal variability of differences in mean radiant temperature at the three 
measurement locations in the warmer period. 

 
 
 

Temporal analysis in the warmer period (Fig. 10) shows that the dynamics 
of Tmrt differences among the sites is lower than in the colder period, especially 
in April. In May, the highest differences between the riverside site and the lake 
site are observed (up to 40 ºC). In June, the difference in Tmrt between the 
riverside and lake site peaked, but in opposite direction, which means that the 
values of Tmrt at the lake site were 57 ºC higher than at the riverside site around 
noon. By the end of the measurements, the differences between the sites were 
lower. In all three warmer months, the most prominent differences occurred in 
the early measurement hours, around noon. That indicated the influence of the 
different shading effects on Tmrt on each site (Milošević et al., 2022b) in times of 
high exposure to solar radiation (Aminipouri et al., 2019). 

3.3.2. PET and mPET – colder period 

Table 3 shows that in the colder period, the highest average PET and mPET values 
are recorded at the settlement site (PETaver = 18.14 ºC; mPETaver = 19.50 ºC) 
followed by the lake and riverside site where very similar average PET values 
are calculated (PETaver = 15.60 ºC and PETaver = 15.49 ºC, respectively). Similar 
results are observed for the mPET index values for the lake and riverside site 
(mPETaver = 17.29 ºC and mPETaver = 17.17 ºC, respectively). This means that on 
average, settlement is under no thermal stress, while lake and riverside site are 
under slight cold stress (13-18ºC), in colder months. The highest maximum PET 
values are also recorded in the settlement site (PETmax=35.4 ºC), which indicates 
that strong heat stress occasionally happens in the colder months in the 
settlement site. However, maximum mPET value is lower in settlement 
(mPETmax=32.7 ºC), indicating the presence of moderate heat stress. In other 
sites, there is occasional moderate heat stress, when maximum PET and mPET 
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values are recorded. Minimum PET values (<4.1 ºC) show that there is extreme 
cold stress observed in all three sites during the colder period (Table 3). 
Minimum mPET values indicate the presence of an occasional extreme cold 
stress only at riverside site, while at the settlement site and lake sites, minimum 
mPET values indicate the occurrence of strong cold stress (Table 3). These 
results of short term, location-specific micro-measurements are in good 
accordance with the previous study by Basarin et al. (2014) that examined PET 
in the broader area of Gornje Podunavlje Special Nature Reserve, using the 
long-term data from the official Sombor meteorological station. They reported 
the occurrence of extreme cold stress (PETaver<4 ℃) in the period from 
December to February. 

Temporal analysis of PET in the colder period is shown in Fig. 11a. In 
October, the differences between the measurement sites were larger in the 
beginning of the measurement hours, around noon. The greatest difference was 
recorded between the settlement site and riverside site (peak PETdiff s-r =14.6ºC). In 
the other three months (December, January, and February), the greatest 
differences occurred in the afternoon, around 2 p.m. During most of the 
measurement time, settlement site showed higher PET values comparing to both 
the riverside site and lake site. However, riverside site and lake site PET values 
did not show regular pattern in the colder period, but the PET values difference 
between them was the largest (PETdiff r-l =16.6ºC). These results are in good 
accordance with the Tmrt results. 

Fig. 11b shows temporal variation of mPET values during the measurement 
hours. An almost identical trend as with PET values can be observed. The 
difference between the PET and mPET index values is that mPET values are 
slightly lower compared to the PET values.  
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Fig. 11. Temporal variability of differences in PET (a) and mPET (b) values at the three 
measurement locations in the colder period. 

 

 

 

 
Fig. 12a shows frequency analysis (%) of physiological stress according to 

the PET index in all three measurement sites. The results show that at the 
majority of the time, all three sites experience some level of cold stress, 58%, 
56%, and 51%, at the lake, riverside, and settlement, respectively. Riverside site 
experiences extreme cold stress 23% of the time, while settlement site 
experiences moderate cold stress 29% of the time. However, there is a 
significant percent of heat stress for all three sites as well (46% at the settlement, 
48% at the riverside, and 36% at the lake site) even though this is defined as 
colder period.  

Fig. 12b shows the frequency of different levels of thermal stress according 
to the mPET index. According to the mPET values, all sites experience cold 

(a) 

(b) 
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stress at almost half of the measurement time (53%, 49%, and 58% at the 
riverside, settlement, and lake site, respectively). Extreme cold stress occurs 
only at the riverside site very rarely (4%). Similarly to the PET values, mPET 
values show significant percent of heat stress, 39%, 46%, and 35% for the 
riverside, settlement, and lake site, respectively. High percent of the heat stress 
at the measurement sites occur because October is included in the colder period, 
and the thermal conditions were not as cold as in the other colder months 
(Fig. 12). 
 
 

 

 
Fig. 12. Frequency analysis (%) of physiological stress according to PET (a) and mPET (b) 
indices at three measurement locations in colder period. 

 
 

 

3.3.3. PET and mPET – Warmer period 

In the warmer period, average PET values are quite similar for all of the three 
sites, with the differences less than 1 ºC. All three sites experience extreme heat 
stress during the warmer months in the midday hours (PETaver = 41.37 ºC - 

(b) 

(a) 
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settlement, PETaver = 41.07 ºC - riverside, PETaver = 41.38 ºC -lake). Maximum 
PET values are recorded at the lake site (PETmax = 55.7 ºC) followed by the 
riverside site (PETmax = 54.9 ºC), and the settlemet site (PETmax = 52.6). 
Minimum PET values are similar for all three sites (differences less than 1 ºC), 
and it means that even when taking minimum PET values for all three sites in 
the warmer period during the midday hours, there is slight heat stress (Table 3).  

mPET values for the warmer period show strong heat stress for all three 
sites, and the differences between the sites are also less than 1ºC 
(mPETaver = =37.72 ºC - settlement, mPETaver = 37.45 ºC - riverside, 
mPETaver = 37.76 ºC - lake). Maximum mPET values for all three sites also 
indicate extreme heat stress, and similarly to the PET values, mPET values are 
the greatest at the lake site (mPETmax = 49 ºC), followed by the riverside site 
(mPETmax = 48.2 ºC), and settlement site (mPETmax = 46.3 ºC). Also, minimum 
mPET values are rather similar at all three sites, and also indicate the presence 
of the slight heat stress (Table 3).  

Temporal analysis of PET values in the warmer period (Fig. 13a) shows 
that the dynamics of PET differences among the sites is lower than in the colder 
period, especially in April. In May, the differences between the measurement 
sites were slightly larger (up to 13.8 ºC between the riverside and lake sites). In 
June, the difference in PET values between the riverside and lake site peaked in 
opposite direction, meaning that the values of PET at the lake site were 26 ºC 
higher than at the riverside site around noon. By the end of the measurements, 
the differences between the sites were lower. The results are in good accordance 
with the results of the Tmrt analysis. 

Fig. 13b shows temporal variation of mPET values during the warmer 
period. Almost identical trend as with PET values is recorded. The difference 
between the PET and mPET index values is that mPET values are slightly lower 
compared to the PET values. This trend is also noticed at the analysis of the 
colder period values of PET and mPET. 
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Fig. 13. Temporal variability of differences in PET (a) and mPET (b) values of the three 
measurement locations in the warmer period. 
 
 
 
 
Frequency analysis of the PET values (Fig. 14a) in the warmer period show 

that all the measurement sites experienced some level of heat stress during the 
measurement campaigns in the warmer months. The settlement and riverside 
sites experienced extreme heat stress almost at 50% of the measured period. At 
the lake measurement site, strong heat stress was the most frequent thermal 
sensation. Slight and moderate heat stresses were noticed at about 10% of the 
measurement period. This means that all three sites experienced most frequently 
strong and extreme strong heat stress during the warmer months and during the 
midday hours (12–15h).  

Frequency analysis of the mPET index (Fig. 14b) shows also that in the 
warmer period all sites are under some level of heat stress. The interesting thing 
is that the lake site according to the mPET index experiences moderate, strong, 
and extreme heat stress almost equally frequent. On the other hand, the 
settlement and riverside sites are under strong and extreme heat stress is more 
than 70% of the time in the midday hours.  

(a) 

(b) 
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It can be concluded that the lake site has more comfortable conditions 
compared to the settlement and riverside sites, due to the less frequent exposure 
to extreme heat stress. However, strong heat stress is often present at the lake 
site as well. 
 
 

 

 
Fig. 14. Frequency analysis (%) of physiological stress according to PET (a) and mPET  
(b) indices at the three measurement locations in the warmer period. 

 

 

4. Discussion 

Natural areas such as the Mura-Drava-Danube Biosphere Reserve represent the 
corridor formed by the Danube and its tributaries, the Mura and Drava rivers, 
that forms a unique biotope network that is the habitat for many rare animal and 
plant species, and thus represents the most valuable continuous river landscape 
in Central Europe (Mohl et al., 2020). At the same time, the definition of 
biosphere reserve states the importance of providing space for human activities 
as well. Therefore, it is important to analyze climate and bioclimate 
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characteristics of the area, with respect to the natural and built-up environment 
and land use types at the specific sites. In our study, we selected two different 
natural sites and one built-up site to perform bioclimatic analysis using human 
thermal comfort indices PET and mPET. The results show that thermal 
conditions between them are different in different parts of the year. The 
observed differences in bioclimatic parameters across the sites, although not 
always following a regular pattern, highlight the complexity of microclimatic 
interactions within the biosphere reserve. These differences suggest that local 
factors such as vegetation cover, water proximity, and human activities play 
significant roles in shaping the bioclimatic conditions. 

Bioclimatic analysis of physiological stress according to PET index in all 
three measurement sites show at that majority of the time, all three sites experience 
some level of cold stress, 58%, 56%, and 51%, at the lake, riverside and settlement 
sites, respectively. The settlement site experiences up to 7% less cold stress than the 
riverside and lake sites. However, there is a significant percentage of heat stress for 
all three sites as well (46% at the settlement, 48% at the riverside, and 36% at the 
lake site), even though this is defined as colder period. This could be explained by 
the fact that October was included in the colder period for the analysis, and 
temperatures in October are higher than in the rest of the colder months.  

Bioclimatic analysis in the warmer period shows that all the measurement 
sites experienced some level of heat stress during the measurement campaigns in 
the warmer months. The settlement and riverside sites experience extreme heat 
stress almost at 50% of the measured period. At the lake measurement site, 
strong heat stress was the most frequent thermal sensation. Slight and moderate 
heat stresses were noticed at about 10% of the measurement period. This means 
that all three sites experience most frequently strong and extremely strong heat 
stress during the warmer months and during the midday hours (12–15h), but the 
settlement site experiences up to 7% more strong and extreme heat stress 
categories than the other two sites.  

Bioclimatic analysis in this article is done using micrometeorological data, 
which is obtained by measurements in clear and calm days. It can vary in the 
circumstances when stronger wind, cloud cover, and precipitation are present. 
10-year background data from the official weather station in Sombor show that 
the cloud cover is the lowest in summer months, and the highest in winter 
months, and the average cloud cover during the year is 5.3/10. 

Previous studies (Farajzadeh and Matzarakis, 2012; Basarin et al., 2014; 
Milošević et al., 2020) have also used the PET index to investigate bioclimatic 
conditions of different natural areas enable the comparison with the present 
study. For example, Basarin et al. (2014) assessed long-term bioclimatic 
conditions in the Special Nature Reserve „Gornje Podnavlje“, which is part of 
the Mura-Drava-Danube Biosphere Reserve. They reported that the most 
comfortable thermal conditions for outdoor ativities occur in the autumn and 
spring months of the year. During the period from November until February, 
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cold stress occurs in the reserve in more than 60% of the time (Basarin et al., 
2014). These results are in good accordance with the results from the present 
study, that also reports certain amount of cold stress in the colder part of the year 
(October to February) in both natural sites, and comfortable conditions only in 
the settlement site (according to PETaver). Basarin et al. (2014) reported the 
highest amounts of heat stress during the meteorological summer season (June, 
July, and August), however, when analyzing the PET values of the midday 
hours (14h), they reported that heat stress occurs from May to September, and 
the periods with no thermal stress are observed in October and April. These 
results are confirmed in this study for the warmer period (April, May and June). 
In the study by Milošević et al. (2020) it is shown, that there are differences in 
thermal sensation and comfort at the same site but in different vegetation 
structures. They reported that there are differences in microclimatic conditions 
between the sites at even smaller distances in autumn (October 2019), where the 
most comfortable conditions during the midday hours are in the areas with the 
higher vegetation (forests), while in the more open areas, there is slight 
discomfort observed. In the present study, the differences between the different 
natural and built-up environments are emphasized. 

Bioclimatic analysis provides us with very useful information about the 
differences in human thermal sensations that occur between the sites at different 
periods of the year. This is the first study that analyzed thermal conditions of the 
specific sites inside the large area of the transnational biosphere reserve, that are 
often used by local population and visitors. The information obtained indicates 
that the activities in the investigated sights should be organized according to the 
most comfortable period (Milošević et al., 2020) of the year. For example, in the 
colder period of the year, tourists’ activity should be encouraged in the more 
urbanized areas, promoting cultural heritage and social diversity of the BPBR. 
On the other hand, in the summer months, thermal conditions are more favorable 
at the lake site. Given the recreational function of the site, this is a reasonable 
choice. Local communities that perform other activities in the area, could also 
use this information to organize their work activities, if possible, in such manner 
that they avoid longer exposure in the midday hours in warmer months to 
prevent themselves from the heat stress related health issues. 

Micrometeorological measurements of this kind provide valuable 
information for tourism zoning and visitors distribution according to the most 
comfortable periods of the year, which contributes to sustainable management of 
tourism activities (Milošević et al., 2020). Though this study is the first 
micrometeorological field measurement conducted in this region, it gave 
important insights into micrometeorological differences between different 
natural and built-up environments. In order to contribute to long-term strategic 
planning of the activities and their sustainable management, longer 
measurements campaigns, more measurement sites in Serbian part, but also in 
parts of the reserve that belongs to other countries would be beneficial. 
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5. Conclusion 

The area of BPBR is large and it belongs to an even larger area of the Drava-
Mura-Danube Transboundary Biosphere Reserve. In the large area of the 
biosphere reserve, people are involved in all kinds of activities that require 
certain thermal conditions. In this study we gave the overview of the bioclimate 
conditions, in the colder and warmer parts of the year for specific, but different 
sites, to provide comprehensive results for all the users of the biosphere reserve 
area, including local population and visitors. 

However, the study has its limitations, simultaneously the 
recommendations for future investigation.  

• Measurement hours could be prolonged in order to identify the most 
comfortable time of the day for each location in different seasons. This 
implies that measurements should be done in all months of the year. 
Additionally, measurements in different weather types and climates could 
be performed. 

• It would be useful to do similar studies in other countries that are part of 
the Mura-Drava-Danube Transboundary Biosphere Reserve and to compare 
the results. 

• Bioclimatic questionnaire survey that accompanies the measurements 
would give more complete information about the thermal sensation of the 
locals and visitors the reserve. 
The fact that the area selected for this study is a part of the first 

transnational park, the Mura-Drava-Danube Transboundary Biosphere Reserve 
indicates, that there is a significant potential that it becomes more popular for 
visits. Investigating climate conditions in the Bačko Podunavlje Biosphere 
Reserve (BPBR) might be the basis for planning human activities in order to 
preserve diverse natural and built-up areas in the BPBR in the age of climate 
change, as well as for sustainable use of natural resources of these fragile 
ecosystems. Extreme bioclimate conditions that occur in this area at certain 
hours can be considered as unsuitable for the activities of visitors and local 
population, while hours of lower levels of thermal stress or no thermal stress can 
be considered as good bioclimate conditions. Recognizing the variations in 
bioclimatic conditions is crucial for effective management of the protected area, 
as it emphasizes the need for tailored strategies that consider the unique 
microclimates of different zones within the reserve. The importance of these 
differences lies in their potential to influence decision-making processes related 
to habitat management, species conservation, and visitor activities. Integrating 
bioclimatic considerations into management plans can enhance the sustainability 
and usability of the biosphere reserve, aligning with the broader goals of 
conservation and sustainable development. 
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