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Article 

Long-Term Changes in Groundwater Levels in the 

Białowieża Forest Under Climate Change 

Andrzej Boczoń *, Michał Wróbel and Anna Kowalska 

Forest Research Institute, Sękocin Stary, 3 Braci Leśnej Street, 05-090 Raszyn, POLAND; 

* Correspondence: a.boczon@ibles.waw.pl 

Abstract: Global warming can lead to changes in groundwater levels in forested areas. Groundwater 

is the primary water source for ecosystems, so changes in groundwater levels, if directional and 

constant, can cause changes in vegetation and habitat character. In Białowieża National Park, a 

significant decline in the water table was observed at the beginning of the 20th century. The question 

therefore arose as to whether the changes that occurred at that time were permanent and whether the 

negative trend continued in such a clear direction in the following years. And whether the large water 

reservoir, which was built near the northern boundary of the Białowieża Forest, had an impact on the 

groundwater level in the forest areas. The study is based on measurements from 1985-2005 and 2022-

2023, taken in the same monitoring wells. Complete data was collected from 21 monitoring wells, of 

which seven each represent swamp, moist and fresh habitats. An analysis of groundwater levels 

between 1985 and 2005 showed an average decline of 0.08 m/10years in swamp habitats, 0.11 

m/10years in moist habitats and 0.21 m/10years in fresh habitats. The prediction for the year 2023 

showed a significantly greater decreasing groundwater level than the measurements. The 

measurements in 2022 and 2023 showed that the trend of falling water levels has slowed down in 

almost the entire study area, with water levels in recent years being similar to those at the beginning 

of the century. This was also confirmed by comparing years with similar precipitation: 2022 with 

1986, 2002, 2004 and 2023 with 1999. This is due to the higher precipitation after 2005. In the period 

2006-2023, precipitation in the hydrological years was on average 60 mm higher than in the period 

1985-2005. Despite the clear trend towards rising air temperatures, the higher precipitation 

compensated for the higher evapotranspiration. However, one area showed a systematic decrease in 

water levels, this occurred at the watershed of the two largest rivers in the Białowieża Forest. It can 

be indicated that watershed areas are most vulnerable to lowering the groundwater level due to 

climatic heating. 

Keywords: groundwater level; climate change; Białowieża Forests; forest habitats 

 

1. Introduction 

Climate change projections indicate a significant decline in groundwater availability by the end 

of the 21st century, which will have a significant impact on global and regional water resources 

(Wunsch et al. 2022). Wunsch et al. (2022) found that due to increased evapotranspiration and 

reduced infiltration rates, groundwater storage is also likely to decrease as a result of climate change. 

Since the beginning of the 21st century, there has been an increase in the frequency of droughts, 

including extreme droughts. In 2018, Central Europe experienced one of the most severe and longest 

summer droughts and heatwaves ever recorded. Before 2018, the conditions of 2003 were considered 

the drought of the millennium. This drought was classified as the most severe event in Europe in the 

last 500 years (Schuldt et al., 2020). Research now confirms that the 2018 drought was climatically 

more extreme and had a greater impact on forest ecosystems than the 2003 drought (Schuldt et al., 

2020). The 2018-2019 droughts caused the destruction or death of coniferous and deciduous stands in 

large parts of Europe (Braun et al. 2020, Schuldt et al., 2020). It is even assumed that the 2018-2020 
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droughts in Central Europe were probably the worst in 2000 years (Büntgen et al., 2021). The role of 

groundwater in maintaining ecosystem functions is increasingly recognised, especially during 

droughts (Froend and Sommer, 2010; Kath et al., 2014). 

Groundwater is an important source of water for many habitats. The absorption of groundwater, 

together with rainwater, creates soil water that is used by forest vegetation, including forest stands. 

A warming climate, which leads to an increase in evapotranspiration, can significantly affect the 

availability of soil water, including from groundwater. This is particularly evident in areas where 

precipitation will decrease as temperatures rise. In such areas, especially in groundwater-dependent 

habitats, there will be a drying out and reduced regeneration of spring areas and drying out of the 

upper sections of watercourses. 

The Białowieża Forest is located on the border between Poland and Belarus (52°45’29”N; 23°46’8 

”E). Its area is 1345 km2, of which 592 km2 are in Poland and 753 km2 in Belarus. The Białowieża 

Forest Reserve is one of the last and largest fragments of the original European lowland forest. Most 

of the Białowieża Forest consists of species-rich stands. A total of 4 693.24 hectares of the forest was 

declared Białowieża National Park (BNP) in 1932, one of the first national parks in Europe. Today, 

the BNP covers an area of 10 517.27 ha, of which 6059.27 ha are under strict protection. The remaining 

area of the Białowieża Forest is managed forest, but even in this part there are nature reserves and 

areas with protected tree stands, habitats and species. Groundwater is one of the most important 

sources of water supply for habitats and stands. Almost half of the Białowieża Forest consists of 

swampy and moist habitats that are highly dependent on groundwater resources. Therefore, the 

changes in groundwater levels are extremely important for the sustainability and changes in the 

ecosystems of the Białowieża Forest and give rise to much speculation and questions about the effects 

of climate change on groundwater levels. 

In connection with the construction of a reservoir at the northern border of the Białowieża Forest, 

groundwater measurements were initiated in the mid-1970s. In 1984, these measurements were 

supplemented by 25 measuring points in the area of the Białowieża National Park and the Browsk 

Forest District,  in order to determine the directional changes of the groundwater situation in the 

forest habitats. A total of 52 points were measured during this period. The measurements were 

completed in 2005. 

Global warming is leading to changes in water resources in forested areas where groundwater 

levels are expected to fall. In order to show that such changes can be observed in the Białowieża 

Forest, measurement points where measurements were stopped in 2005 were found again in 2021 

and measurements were resumed at some of them. At the beginning of the hydrological year 2022, 

measurements were resumed at 34 measuring points representing the following habitats: fresh 

habitats - 16 wells, moist habitats - 9 wells and swamp habitats - 9 wells. 

The aim of resuming the groundwater measurements was to determine 

- the changes in groundwater levels in the ecosystems of the Białowieża Forest over several 

decades; 

- whether the trend of declining groundwater levels in the Białowieża Forest observed at the 

beginning of the century is of a permanent nature 

- the changes in the groundwater level in the Bialowieża Forest compared to previous studies. 

2. Materials and Methods 

The analysis was carried out in hydrological years running from November 1 of the first year to 

October 30 of the second year and divided into a winter half-year and a summer half-year from May 

1 to October 31. This division is due to differences in the water supply. In Central Europe, water 

retention in the soil is increased in the winter half-year due to low evapotranspiration, while in the 

summer half-year the high temperatures and vegetation development lead to high water withdrawal 

and depletion of soil water resources. 

Three analyses of groundwater levels were carried out: 

- long-term changes 
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- differences in comparable years in terms of the amount of precipitation 

The authors relied on measurements from wells that have complete groundwater measurement 

series; in total, they managed to collect such data from 21 measuring points from the period 1985-

2005 and the years 2022-2023 (Figure 1). 

Groundwater over several years 

The analysis includes groundwater measurements from the period 1985-2005 and from the 

period 2022-2023. The groundwater measurements were carried out at the monitoring sites renewed 

in 2021. The older measurements were carried out manually at intervals of several days. Levelogger 

5 Junior groundwater level metres from Solinst Canada were installed at the renewed measuring 

points in conjunction with the Barologger 5 air pressure sensor. The measurements were carried out 

automatically by the measuring devices at one-hour intervals. In order to make the results 

comparable, the measurements from 2022-2023 were limited to the measurement intervals  from the 

period 1985-2005 (Table 1). 

The measurement points represent the basic types of habitat wetness: there are 7 wells in swamp 

habitats, 7 wells in moist habitats and 7 wells in fresh habitats. In moist and fresh habitats, a 

distinction can be made between variants with higher (2) and lower (1) groundwater levels, 

depending on the spring groundwater level (Table 1). The groundwater depths as a distinguishing 

feature for the classification of forest moisture types are shown in Table 2. 

The trend of changes in meteorological parameters between 1951 and 2019 was tested with the 

non-parametric Mann-Kendall test using the Makesens 1.0 software developed at the Finnish 

Meteorological Institute (Salmi et al. 2002). The non-parametric method of Sen 

(Sen 1968) was used to estimate trends in the time series. The advantage of the methods used is 

that data with missing values can be used and the data do not have to follow a particular distribution. 

In addition, the Sen method is not strongly influenced by individual data errors or outliers (Salmi et 

al. 2002). Both methods are described in detail in Salmi et al. (2002). 

Table 1. Description of the groundwater monitoring wells. 

Well number Forest District 

 

Type of habitat 

moisture 

Measurement interval 

2 Browsk moist forest (1) 15 days 

4 Browsk swamp forest 15 days 

9 Browsk swamp forest 15 days 

13a Browsk moist forest (2) 15 days 

16 Browsk swamp forest 15 days 

17 Browsk fresh forest (2) 15 days 

22 Browsk moist forest (2) 15 days 

24 Browsk fresh forest (1) 15 days 

25 Browsk fresh forest (1) 15 days 

26 Browsk moist forest (1) 15 days 

55 Browsk moist forest (2) 15 days 

56 Browsk fresh forest (1) 15 days 

60 Białowieża NP swamp forest 15 days 

61 Białowieża NP swamp forest 15 days 

62 Białowieża NP swamp forest 15 days 

63 Białowieża NP fresh forest (2) 15 days 

64 Białowieża NP swamp forest 10-11 days 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 May 2025 doi:10.20944/preprints202505.1467.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.1467.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 22 

 

201 Białowieża NP moist forest (1) 10-11 days 

202 Białowieża NP moist forest (1) 10-11 days 

205 Białowieża NP fresh forest (2) 10-11 days 

207 Białowieża NP fresh forest (2) 10-11 days 

Table 2. Spring groundwater level [m] in the classification of wetness of forest habitats (without drainage) in 

Poland. 

Type of habitat 

moisture 
1fresh 2fresh 1moist 2moist swamp 

Groundwater level below -2.5 below -1.8 -0.8 to -1.8 -0.5 to -0.8 to -0.5 
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Figure 1. Location of the measuring wells in the Białowieża Primaeval Forest (hydrography from the State Water 

Management „Polish Waters” Database – QGIS plugin 

https://github.com/LScislowski/Wody_Polskie_Baza_WMS). 

Trends in changes in groundwater levels in the period 1985-2005 were determined with the non-

parametric Mann-Kendall test using the Makesens 1.0 software developed by the Finnish 
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Meteorological Institute (Salmi et al. 2002). The non-parametric Sen slope estimation method (Sen, 

1968) was used to estimate the magnitude of the trends in the data time series. On this basis, 

predictions were made for groundwater levels in 2022 and 2023. 

The analysis was performed for each of the 21 wells and in groups for the different habitat 

moisture options. The groundwater levels were expressed in terms of distance to the ground level, 

which had a value of 0.00, so that the water levels had negative values if they were below ground 

and positive values for water levels above ground.  

Groundwater levels in 2022 and 2023 were compared with selected years that were most similar 

in terms of rainfall.  

Groundwater level in comparable years. 

As the groundwater measurements were resumed after a long period, a selection of years with 

similar precipitation was made for a reliable analysis, so that the hydrological years Nov.2021-

Oct.2022 and Nov.2022-Oct.2023 have a water flow as similar as possible to the measurement period 

1985-2005. The analysis was carried out for measurement data from the station of the Institute of 

Meteorology and Water Management in Białowieża. The comparison and selection of years is shown 

in Figure 2. The years that are most similar to 2022 in terms of precipitation are 1985, 2002 and 2004, 

both in terms of the amount of precipitation in the entire hydrological year and in the summer and 

winter half-years. The differences between the hydrological years were no more than 1.5% (Table 3). 

There was a major problem in 2023, where the distribution of precipitation over the year was atypical. 

Precipitation in the winter half-year was slightly higher than in the summer half-year. This is a rare 

phenomenon in Białowieża, where summer precipitation significantly exceeds winter precipitation 

(on average by more than 150 mm). In the period 1985-2005, such a situation only occurred in 2000, 

albeit with low precipitation levels - a total of 526.9 mm per year.  

In order to obtain comparable data, a two-stage selection was made: First, the years most similar 

to 2023 in terms of annual precipitation totals were selected, and then the year with the most similar 

summer and winter precipitation. Three years had precipitation amounts that differed by less than 

15% from 2023: 1999 (596.6 mm), 2001 (622.1 mm) and 2005 (606.8 mm). The precipitation total was 

most similar in 2005, although the winter precipitation was more than 180 less than the summer 

precipitation. For this reason, the year 2001 was also excluded (difference of more than 50 mm). The 

year 1999 proved to be the closest year (difference of 26.7 mm), so this year was selected for 

comparison. 

Table 3. Difference in precipitation [%} in selected years. 

 Period 

  Summer half-year Winter half-year Hydrological years 

2022-1986 0.3 -2.3 -1.0 

2022-2002 2.7 -3.2 -0.3 

2022-2004 2.9 -3.8 -0.6 

2023-1999 -14.8 18.4 2.0 
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Figure 2. Difference between precipitation in 2022, 2023 and the years in the period 1985-2005 in Bialowieża, 

taking into account the hydrological years, the summer period (May-Oct.) and the winter period (Nov.-April), 

the circle marks the years selected for comparison. 

Water balance 

The water balance of the hydrological years as well as the winter and summer half-years was 

checked in the selected years. The calculations were carried out using measurement data from the 

station of the Institute of Meteorology and Water Management in Białowieża. For the selected years, 

the water balance of the stands was determined in the form 

ΔR=P - I - ETa [mm]. 

ΔR - change in retention 

P - total precipitation [mm] 

I – canopy interception [mm] 

ETa - actual evaporation aspiration [mm] 

ETa was calculated using the Penman-Monteith formula according to the method presented in 

Allen et al (1998). Solar radiation is not measured at the IMGW station in Białowieża, so in 1999, 2002, 

2004 and 2022 net radiation was calculated based on extraterrestrial radiation, air temperature and 

humidity and cloud cover. No data on cloud cover is available for 2023, so the measurements of solar 

radiation at the ICP Forests meteorological station in Czerlonka were used (measurements since 

2010). The compatibility of the calculation of net radiation for the two data sources was checked for 

the year 2015. The calculations showed that the net radiation based on the solar radiation 

measuremen ts at the Czerlonka station yields slightly lower results than the calculations based on 

the data from IMGW Białowieża (Figure 3). For the ETa calculations, the average values for the 

Białowieża forest were used for the leaf area index in summer and winter, ground cover and stand 

height, which were developed from the airborne laser scanning in Kolendo et al. 2021. 
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Figure 3. Comparison of the net radiation calculated from the solar radiation in Czerlonka (B) and from the 

meteorological data of the Białowieża (A) station. 

3. Results 

3.1. Meteorological conditions  

The mean annual air temperature in Białowieża in the hydrological years 1985-2023 was 7.4 oC. 

The trend determined by the Sen method shows an increase in the mean air temperature in 

Białowieża in this period by 1.87 oC (Figure 4) and by 0.98 oC between 1985 and 2005. The Mann-

Kendall test showed that the changes were statistically significant. 

Precipitation in the hydrological years between 1985 and 2023 averaged 632.0mm in Białowieża 

and ranged from 460.9mm in 1991 to 866.5 mm in 2010. Dry years with precipitation less than 90% of 

the average were recorded in 11 years and wet years with precipitation more than 110% of the average 

in 10 years (Figure 5). The trend determined using the Sen method shows an increase in precipitation 

in the hydrological years between 1985 and 2023 in Białowieża. Precipitation increased by 56.3 mm. 

The increase in precipitation in the winter half-year is almost twice as high as in the summer half-

year. The Mann-Kendall test showed that the changes in precipitation totals are not statistically 

significant. The average annual precipitation from 1985 to 2005 was 604 mm and from 2006 to 2023 

664mm.  

In recent years, the number of days with snow cover has decreased significantly. After 2014, no 

more than 100 days with snow cover were recorded per year. In 2020, snow cover lasted only for 10 

days, which was a major anomaly (Figure 6.). 

 

Figure 4. Mean annual air temperature in Białowieża in the period 1985 – 2023. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 May 2025 doi:10.20944/preprints202505.1467.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.1467.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 22 

 

 

Figure 5. Total precipitation of hydrological years in Białowieża in the period 1985-2023. 

 

Figure 6. Number of days snow cover in period in Białowieża 1985-2023. 

3.2. Water balance in the analyzed years 

The water balance in the comparison years 2022 and 1986, 2002, 2004 and 2023 as well as 1999 

with similar precipitation shows differences in water distribution, especially in evapotranspiration, 

which reached values in a wide range. In 2022, at 312.5mm, it was between 240.9 mm (2004) and 336.3 

mm (2002) in the comparison years, while in 2023 it was almost 15 mm higher than in the comparison 

year 1999. There were much smaller fluctuations in the amount of precipitation, with differences of 

6.3mm in the comparison years from 2022 onwards, with the smallest deviation in 2022. In 1999, it 

was 9.3mm lower than in 2023. There were similar conditions in the winter and summer half-years 

(Table 4). 

Table 4. Water balance of the Białowieża Forest in selected years [mm]: P – sum of precipitation, I - sum of 

interception, ETo – actual evapotranspiration, ΔR – retention change. 

Year P I ETo R 

 HYDROLOGICAL YEAR (Nov.-Oct.) 

1986 645.8 256.4 314.6 74.8 
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2002 641.4 254.5 336.3 50.6 

2004 643.1 254.3 240.9 147.9 

2022 639.5 251.6 312.5 75.3 

1999 596.6 238.0 329.1 29.5 

2023 609.1 245.4 343.9 19.8 

 WINTER HALF-YEAR (Nov.-April) 

1986 246.5 101.8 64.3 80.4 

2002 252.1 106.8 63 82.3 

2004 254.5 103.2 62.5 88.8 

2022 239.3 103.0 62.6 73.7 

1999 252.2 105.1 57.1 90.0 

2023 309.1 127.9 63.8 117.4 

 SUMMER HALF-YEAR (May-Oct.) 

1986 399.3 154.7 250.3 -5.7 

2002 389.3 147.7 273.3 -31.7 

2004 388.6 151.1 178.3 59.2 

2022 400.2 148.7 250.0 1.5 

1999 344.4 133.0 272.0 -60.6 

2023 300.0 117.4 280.1 -97.5 

3.3. Trends in groundwater level changes in the years 1985-2005 and prediction for 2023 

The trends determined for groundwater changes show a decline in the water level in the period 

1985-2005 at all monitoring sites in the hydrological years and the summer and winter half-years. The 

average drawdown at the monitoring sites was 0.29m, in the half-years: 0.28m (Nov.-April) and 0.31m 

(May-Oct.). In swamp habitats, the calculated lowering of the groundwater level in the hydrological 

year averaged 0.17 m, 0.16 m in the winter half-year and 0.23m in the summer half-year. In the moist 

habitats, the average drawdown was 0.25m in the hydrological year and 0.23m in the winter half-

year and 0.26 m in the summer half-year, except that the drawdown in the hydrological years was 

lower in the 2moist than in the 1moist: 0.23m and 0.27m respectively. In the fresh habitats, the average 

drawdown of the water table was 0.44m and was similar in the half-years at 0.44m (Nov.-April) and 

0.45 m (May-Oct.). In 2fresh the average annual drawdown was 0.47m and in 1fresh 0.39m (Tables 5, 

6, 7). 

A prediction of the groundwater level in 2023 using the same trends showed that the drawdown 

of the groundwater level in the period 1985-2023 averaged -0.56m and in the swamp habitats -0.33m 

on average in the hydrological year and in the half-years -0.29m (Nov.-April) and -0.43m (May-Oct.); 

in moist -0.48m (Nov.-Oct.), -0.44m (Nov.-April), -0.49m (May-Oct.); in fresh -0.83m (Nov.-Oct.), -

0.84m (Nov.-April). -0.86m (May-Oct.). 

The values for the 2023 groundwater drawdown calculated on the basis of Sen's slope estimate 

from 1985 to 2005 are higher than the measured values at most measurement points In swamp 

habitats, the prediction of the mean annual groundwater drawdown was on average 0.14m higher, 

in moist habitats by 0.19m and in fresh habitats by 0.48m; in the winter half-year, the actual water 

level was on average 0.28m higher in swamp habitats, 0.37m higher in moist habitats and 0.72m 

higher in fresh habitats than predicted. In the summer half-years, the differences were smaller, 

averaging 0.05m in swamp habitats, 0.03m in moist habitats and 0.032m in fresh habitats. In swamp 

habitats, the predictions showed the smallest changes in water levels. In reality, they were even lower. 

For well 4, a decrease in water level of 0.70m was calculated, whereas in reality it was 0.38m lower. 

Only in wells 16, 60 and 61 was the actual water level lower or equal to the calculated water level, 

but these were small differences of up to 0.08m. In the moist habitats, the water table in one well - 
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No. 55 - decreased more than predicted (by 0.26m). In the fresh habitats, the water levels in all wells 

were higher than predicted. 

Comparison of years with similar precipitation 

In the first group of comparison years: 1986, 2002, 2004 and 2022, the lowest groundwater level 

was generally at the beginning of the century: 2002 - 14 wells and 2004 - 6 wells. Only in one well no. 

56 in 2022 was the lowest level of the 4 years compared measured. The average groundwater level in 

the study area in each year was: -1.19m in 1986, -1.49m in 2002, -1.45m in 2004, -1.33m in 2022. 

A comparison between 2023 and 1999 showed that the groundwater level in 2023 was lower in 

all wells, with the exception of well no. 9, where the water was 0.03m higher. The largest decrease in 

the water table was found at No. 55 with 0.95m (2moist) and at No. 56 with 1.03m (1fresh). The 

average decline in the water table in 2023 was 0.31m. 

The average groundwater level in the individual habitat types is summarised in Table 8. In the 

first comparison group, the lowest groundwater level was recorded in most habitat types in 2002. 

Only in 1fresh was the lowest water level recorded in 2004, but it should be noted that the water 

levels in this habitat type were similar in 2002, 2004 and 2022, ranging from -3.61m to -3.68m, and 

were also significantly lower than in 1986. The low average groundwater level in 2022 in 1fresh was 

due to the water level in well no. 56 (Figures 7–11). 

The comparison between 1999 and 2023 shows a significant decrease in the groundwater level. 

In 2023, the water level was on average 0.36m lower than in 1999. The greatest decline was recorded 

in the 1fresh (0.52m) and 2moist (0.46m) habitats. The change was smallest in swamp habitats. 

Table 5. Summary of the Mann-Kendall test and the Sen's slope estimate for the groundwater levels of the 

hydrological years. 

Well 

number 

First 

year 

Last 

Year 

Mann-

Kendall 
Sen's slope estimate 

Groundwater level  Change in period Difference 

calculat

ed 

rea

l 

calculat

ed 

predict

ed 

rea

l 

calculat

ed 

predict

ed 

real real-

predicted Test 

Z 

Signifi

c.a) 

1985 198

5 

2005 2023 202

3 

2005-

1985 

2023-

1985 

2023-

1985 

2023 

4 1985 2005 -2.14 * f(year)=-0.01854*(year-

1985)-0.03937 

-0.04 -

0.1

1 

-0.41 -0.74 -

0.3

6 

-0.37 -0.70 -0.25 0.38 

9 1985 2005 -0.91  f(year)=-0.01326*(year-

1985)-0.56055 

-0.56 -

0.4

8 

-0.83 -1.06 -

0.5

9 

-0.27 -0.50 -0.11 0.47 

16 1985 2004 -0.91  f(year)=-0.00418*(year-

1985)-0.34122 

-0.34 -

0.4

1 

-0.42 -0.50 -

0.5

8 

-0.08 -0.16 -0.17 -0.08 

60 1985 2005 -0.15  f(year)=-0.00094*(year-

1985)-0.13289 

-0.13 -

0.0

8 

-0.15 -0.17 -

0.1

7 

-0.02 -0.04 -0.09 0.00 

61 1985 2005 -1.12  f(year)=-0.00368*(year-

1985)-0.25608 

-0.26 -

0.1

7 

-0.33 -0.40 -

0.4

1 

-0.07 -0.14 -0.24 -0.02 

62 1985 2005 -3.35 *** f(year)=-0.01103*(year-

1985)-0.34451 

-0.34 -

0.3

7 

-0.57 -0.76 -

0.6

0 

-0.22 -0.42 -0.23 0.16 

64 1985 2005 -1.63  f(year)=0.00854*(year-1985)-

0.00292 

0.00 0.0

0 

-0.17 -0.33 -

0.2

7 

-0.17 -0.32 -0.27 0.06 

average swamp forests -0.24 -

0.2

3 

-0.41 -0.57 -

0.4

3 

-0.17 -0.33 -0.19 0.14 

13a 1985 2005 -2.24 * f(year)=-0.01165*(year-

1985)-0.67641 

-0.68 -

0.7

2 

-0.91 -1.12 -

0.9

5 

-0.23 -0.44 -0.23 0.17 

22 1985 2005 -1.81 + f(year)=-0.01039*(year-

1985)-0.95928 

-0.96 -

1.0

5 

-1.17 -1.35 -

1.0

3 

-0.21 -0.39 0.02 0.32 

55 1985 2005 -1.87 + f(year)=-0.1261*(year-1985)-

0.70957 

-0.71 -

0.7

6 

-0.96 -1.19 -

1.4

5 

-0.25 -0.48 -0.69 -0.26 

average moist (2) forests -0.78 -

0.8

4 

-1.01 -1.22 -

1.1

4 

-0.23 -0.44 -0.30 0.08 

2 1985 2005 -0.85   f(year)=-0.0043*(year-1985)-

1.30658 

-1.31 -

1.4

4 

-1.39 -1.47 -

1.3

3 

-0.09 -0.16 0.11 0.14 

26 1985 2005 -3.17 ** f(year)=-0.02913*(year-

1985)-0.8811 

-0.88 -

0.9

6 

-1.46 -1.99 -

1.3

7 

-0.58 -1.11 -0.41 0.61 

201 1985 2005 -1.18  f(year)=-0.01207*(year-

1985)-1.30237 

-1.30 -

1.5

3 

-1.54 -1.76 -

1.4

2 

-0.24 -0.46 0.11 0.34 

202 1985 2005 -0.57  f(year)=-0.00898*(year-

1985)-1.17959 

-1.18 -

1.3

9 

-1.36 -1.52 -

1.4

9 

-0.18 -0.34 -0.11 0.03 

average moist (1) forests -1.17 -

1.3

3 

-1.44 -1.68 -

1.4

0 

-0.27 -0.52 -0.07 0.28 

average moist forests -1.00 -

1.1

2 

-1.26 -1.49 -

1.2

9 

-0.25 -0.48 -0.17 0.19 

17 1985 2005 -2.24 * f(year)=-0.03164*(year-

1985)-1.83352 

-1.83 -

2.1

6 

-2.47 -3.04 -

2.2

9 

-0.63 -1.20 -0.13 0.75 

63 1985 2005 -2.69 ** f(year)=-0.02221*(year-

1985)-1.56868 

-1.57 -

1.8

0 

-2.01 -2.41 -

1.9

5 

-0.44 -0.84 -0.16 0.46 

205 1985 2005 -2.26 * f(year)=-0.00210*(year-

1985)-1.60989 

-1.61 -

1.9

3 

-2.03 -2.41 -

1.7

7 

-0.42 -0.80 0.16 0.64 

207 1985 2005 -2.81 ** f(year)=-0.02011*(year-

1985)-2.175667 

-2.18 -

2.3

4 

-2.58 -2.94 -

2.3

8 

-0.40 -0.76 -0.04 0.56 

average fresh (2) forests -1.80 -

2.0

5 

-2.27 -2.70 -

2.1

0 

-0.47 -0.90 -0.04 0.60 

24 1985 2005 -2.36 * f(year)=-0.01321*(year-

1985)-2.75367 

-2.75 -

2.8

3 

-3.02 -3.26 -

2.8

9 

-0.26 -0.50 -0.07 0.36 

25 1985 2005 -2.42 * f(year)=-0.01509*(year-

1985)-3.16782 

-3.17 -

3.3

4 

-3.47 -3.74 -

3.3

5 

-0.30 -0.57 -0.01 0.39 

56 1985 2005 -2.57 * f(year)=-0.029557*(year-

1985)-3.70479 

-3.70 -

4.1

1 

-4.30 -4.83 -

4.6

3 

-0.59 -1.12 -0.52 0.20 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 May 2025 doi:10.20944/preprints202505.1467.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.1467.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 22 

 

average fresh (1) forests -3.21 -

3.4

3 

-3.59 -3.94 -

3.6

3 

-0.39 -0.73 -0.20 0.32 

average fresh forests -2.40 -

2.6

4 

-2.84 -3.23 -

2.7

5 

-0.44 -0.83 -0.11 0.48 

 a) significance level *** α = 0.001; ** α = 0.01; * α = 0.05; + α = 0.1;  and blank cell α > 0.1. 

Table 6. Summary of the Mann-Kendall test and the Sen slope estimate for the groundwater level values in the 

winter half-year (Nov.-April)). 

Well 

number 

First 

year 

Last 

Year 

Mann-

Kendall 
Sen's slope estimate 

Groundwater level  Change in period 
Differenc

e 

calcul

ated 

rea

l 

calcul

ated 

predic

ted 

rea

l 

calcul

ated 

predic

ted 
real 

real-

predicte

d 

Test 

Z 

Signif

ic.a) 
1985 

19

85 
2005 2023 

20

23 

2005-

1985 

2023-

1985 

2023-

1985 
2023 

4 1985 2005 

-

1.90

24 

+ 
f(year)=-0.01556*(year-

1985)+0.034898 
0.03 

-

0.2

1 

-0.28 -0.56 

-

0.0

7 

-0,31 -0,59 0,14 0,49 

9 1985 2005 

-

1.11

73 

 
f(year)=-0.0118*(year-

1985)-0.51727 
-0.52 

-

0.5

7 

-0.75 -0.97 

-

0.3

9 

-0,24 -0,45 0,17 0,57 

16 1985 2004 

-

0.35

73 
 

f(year)=-0.00269*(year-

1985)-0.2826 
-0.28 

-

0.4

0 

-0.34 -0.38 

-

0.3

7 

-0,05 -0,10 0,03 0,02 

60 1985 2005 
0.09

08 

 

f(year)=-0.000222*(year-

1985)-0.03778 
-0.04 

-

0.0

2 

-0.03 -0.03 
0.0

5 
0,00 0,01 0,07 0,08 

61 1985 2005 

-

1.23

81 
 

f(year)=-0.00698*(year-

1985)-0.06333 
-0.06 

-

0.0

7 

-0.20 -0.33 

-

0.0

2 

-0,14 -0,27 0,04 0,30 

62 1985 2005 

-

2.38

77 

* 
f(year)=-0.00829*(year-

1985)-0.25057 
-0.25 

-

0.3

9 

-0.42 -0.57 

-

0.3

5 

-0,17 -0,32 0,05 0,22 

64 1985 2005 

-

1.84

2 + 

f(year)=-0.00914*(year-

1985)+0.148286 
0.15 

0.0

7 
-0.03 -0.20 

0.0

4 
-0,18 -0,35 -0,02 0,24 

average swamp forests -0.14 

-

0.2

3 

-0.29 -0.43 

-

0.1

6 

-0.16 -0.29 0.07 0.28 

13 1985 2005 

-

1.84

2 

+ 
f(year)=-0.01062*(year-

1985)-0.58799 
-0.59 

-

0.7

7 

-0.80 -0.99 

-

0.6

3 

-0,21 -0,40 0,14 0,36 

22 1985 2005 

-

0.72

51 

 
f(year)=-0.00645*(year-

1985)-0.88774 
-0.89 

-

1.1

1 

-1.02 -1.13 

-

0.8

0 

-0,13 -0,24 0,31 0,33 
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55 1985 2005 

-

1.11

73 

 
f(year)=-0.01147*(year-

1985)-0.5875 
-0.59 

-

0.9

0 

-0.82 -1.02 

-

1.2

5 

-0,23 -0,44 -0,35 -0,22 

average moist (2) forests -0.69 

-

0.9

3 

-0.88 -1.05 

-

0.8

9 

-0.19 -0.36 0.03 0.16 

2 1985 2005 

-

0.09

06 

 
f(year)=-0.00253*(year-

1985)-1.28456 
-1.28 

-

1.5

0 

-1.34 -1.38 

-

1.0

7 

-0,05 -0,10 0,44 0,31 

26 1985 2005 

-

2.74

79 

** 
f(year)=-0.02839*(year-

1985)-0.87656 
-0.88 

-

1.1

3 

-1.44 -1.96 

-

1.2

0 

-0,57 -1,08 -0,07 0,75 

201 1985 2005 

-

1.26

88 
 

f(year)=-0.01253*(year-

1985)-1.30365 
-1.30 

-

1.7

3 

-1.55 -1.78 

-

1.1

3 

-0,25 -0,48 0,60 0,65 

202 1985 2005 

-

0.93

61 
 

f(year)=-0.00949*(year-

1985)-1.01931 
-1.02 

-

1.6

8 

-1.21 -1.38 

-

1.0

1 

-0,19 -0,36 0,67 0,37 

average moist (1) forests -1.12 

-

1.5

1 

-1.39 -1.62 

-

1.1

0 

-0.26 -0.50 0.41 0.52 

average moist forests -0.94 

-

1.2

6 

-1.17 -1.38 

-

1.0

1 

-0.23 -0.44 0.25 0.37 

17 1985 2005 

-

2.02

32 

* 
f(year)=-0.03036*(year-

1985)-1.77369 
-1.77 

-

2.3

7 

-2.38 -2.93 

-

1.9

6 

-0,61 -1,15 0,41 0,96 

63 1985 2005 

-

2.20

44 

* 
f(year)=-0.02407*(year-

1985)-1.47875 
-1.48 

-

1.9

9 

-1.96 -2.39 

-

1.5

7 

-0,48 -0,91 0,41 0,82 

205 1985 2005 

-

2.17

52 

* 
f(year)=-0.02743*(year-

1985)-1.61181 
-1.61 

-

2.2

0 

-2.16 -2.65 

-

1.6

2 

-0,55 -1,04 0,58 1,03 

207 1985 2005 

-

1.14

8 
 

f(year)=-0.01435*(year-

1985)-2.10797 
-2.11 

-

2.6

2 

-2.39 -2.65 

-

1.8

7 

-0,29 -0,55 0,74 0,78 

average fresh (2) forests -1.74 

-

2.2

9 

-2.22 -2.66 

-

1.7

6 

-0.48 -0.91 0.54 0.90 

24 1985 2005 

-

2.23

56 

* 
f(year)=-0.01724*(year-

1985)-2.71132 
-2.71 

-

2.9

4 

-3.00 -3.25 

-

2.7

5 

-0,29 -0,54 0,19 0,50 
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25 1985 2005 

-

2.38

56 

* 
f(year)=-0.01724*(year-

1985)-3.26647 
-3.27 

-

3.5

3 

-3.61 -3.92 

-

3.2

4 

-0,34 -0,66 0,28 0,68 

56 1985 2005 

-

2.02

32 

* 
f(year)=-0.0278*(year-

1985)-3.7528 
-3.75 

-

4.2

6 

-4.31 -4.81 

-

4.5

4 

-0,56 -1,06 -0,28 0,27 

average fresh (1) forests -3.24 

-

3.5

8 

-3.64 -4.00 

-

3.5

1 

-0.40 -0.75 0.07 0.49 

average fresh forests -2.39 

-

2.8

4 

-2.83 -3.23 

-

2.5

1 

-0.44 -0.84 0.33 0.72 

 a) significance level *** α = 0.001; ** α = 0.01; * α = 0.05; + α = 0.1;  and blank cell α > 0.1. 

Table 7. Summary of the Mann-Kendall test and Sen's slope estimate for the groundwater level values in the 

summer half-year (May-Oct.). 

Well 

number 

First 

year 

Last 

Year 

Mann-

Kendall 
Sen's slope estimate 

Groundwater level  Change in period Differen

ce calcu

late 

re

al 

calcul

ated 

predi

cted 

re

al 

calcul

ated 

predi

cted 

real real-

predicte

d 

Tes

t Z 

Signi

fic.a) 

1985 19

85 

2005 2023 20

23 

2005-

1985 

2023-

1985 

2023-

1985 

2023 

4 1985 2005 -

2.5

4 

* f(year)=-0.026*(year-

1985)-0.08571 

-0.09 -

0.0

2 

-0.61 -1.07 -

0,6

6 

-0,52 -0,99 -0,64 0,42 

9 1985 2005 -

1.7

8 

+ f(year)=-

0.01969*(year-1985)-

0.57198 

-0.57 -

0.4

0 

-0.97 -1.32 -

0,8

0 

-0,39 -0,75 -0,39 0,52 

16 1985 2004 -

1.4

0 

 f(year)=-

0.00554*(year-1985)-

0.40892 

-0.41 -

0.4

1 

-0.52 -0.62 -

0,7

9 

-0,11 -0,21 -0,38 -0,17 

60 1985 2005 -

0.2

7 

 f(year)=-

0.00244*(year-1985)-

0.25678 

-0.26 -

0.1

4 

-0.31 -0.35 -

0,3

9 

-0,05 -0,09 -0,25 -0,04 

61 1985 2005 -

0.5

7 

 f(year)=-

0.00528*(year-1985)-

0.40167 

-0.40 -

0.2

7 

-0.51 -0.60 -

0,8

1 

-0,11 -0,20 -0,53 -0,20 

62 1985 2005 -

2.0

8 

* f(year)=-

0.01246*(year-1985)-

0.37875 

-0.38 -

0.3

5 

-0.63 -0.85 -

0,8

5 

-0,25 -0,47 -0,50 0,00 

64 1985 2005 -

1.2

4 

 f(year)=-

0.00815*(year-1985)-

0.07667 

-0.08 -

0.0

8 

-0.24 -0.39 -

0,5

8 

-0,16 -0,31 -0,51 -0,20 

average swamp forests -0.31 -

0.2

4 

-0.54 -0.74 -

0.7

0 

-0.23 -0.43 -0.46 0.05 

13a 1985 2005 -

2.2

6 

* f(year)=-0.01476(year-

1985)-0.77214 

-0.77 -

0.6

7 

-1.07 -1.33 -

1,2

8 

-0,30 -0,56 -0,61 0,06 

22 1985 2005 -

1.8

4 

+ f(year)=-

0.01419*(year-1985)-

1.02111 

-1.02 -

0.9

9 

-1.31 -1.56 -

1,2

6 

-0,28 -0,54 -0,27 0,30 

55 1985 2005 -

1.6

6 

+ f(year)=-

0.01218*(year-1985)-

0.87574 

-0.88 -

0.6

3 

-1.12 -1.34 -

1,6

5 

-0,24 -0,46 -1,02 -0,31 

average moist (2) forests -0.89 -

0.7

6 

-1.16 -1.41 -

1.4

0 

-0.27 -0.52 -0.63 0.01 

2 1985 2005 -

0.3

9 

 f(year)=-

0.00279*(year-1985)-

1.4327 

-1.43 -

1.3

9 

-1.49 -1.54 -

1,6

0 

-0,06 -0,11 -0,21 -0,06 

26 1985 2005 -

2.9

3 

** f(year)=-0.0251*(year-

1985)-0.93406 

-0.93 -

0.8

0 

-1.44 -1.89 -

1,5

5 

-0,50 -0,95 -0,75 0,34 

201 1985 2005 -

1.1

2 

 f(year)=-

0.01073*(year-1985)-

1.325 

-1.33 -

1.3

3 

-1.54 -1.73 -

1,7

1 

-0,21 -0,41 -0,38 0,02 

202 1985 2005 -

0.4

5 

 f(year)=-

0.01069*(year-1985)-

1.42889 

-1.43 -

1.1

0 

-1.64 -1.84 -

1,9

8 

-0,21 -0,41 -0,88 -0,15 

average moist (1) forests -1.28 -

1.1

5 

-1.53 -1.75 -

1.7

1 

-0.25 -0.47 -0.56 0.04 

average moist forests -1.11 -

0.9

9 

-1.37 -1.60 -

1.5

7 

-0.26 -0.49 -0.59 0.03 

17 1985 2005 -

2.3

3 

* f(year)=-0.028*(year-

1985)-1.9525 

-1.95 -

1.9

5 

-2.51 -3.02 -

2,6

1 

-0,56 -1,06 -0,66 0,41 

63 1985 2005 -

2.3

3 

* f(year)=-

0.02673*(year-1985)-

1.61925 

-1.62 -

1.6

2 

-2.15 -2.64 -

2,3

3 

-0,53 -1,02 -0,71 0,31 

205 1985 2005 -

1.9

0 

+ f(year)=-

0.01701*(year-1985)-

1.64333 

-1.64 -

1.6

6 

-1.98 -2.29 -

1,9

2 

-0,34 -0,65 -0,26 0,37 

207 1985 2005 -

2.8

1 

** f(year)=-

0.03361*(year-1985)-

2.25 

-2.25 -

2.0

5 

-2.92 -3.53 -

2,8

8 

-0,67 -1,28 -0,83 0,65 

average fresh (2) forests -1.87 -

1.8

2 

-2.39 -2.87 -

2.4

3 

-0.53 -1.00 -0.61 0.43 

24 1985 2005 -

2.8

1 

** f(year)=-

0.01578*(year-1985)-

2.75089 

-2.75 -

2.7

2 

-3.07 -3.35 -

3,0

4 

-0,32 -0,60 -0,32 0,31 

25 1985 2005 -

1.9

0 

+ f(year)=-

0.00898*(year-1985)-

3.18373 

-3.18 -

3.1

7 

-3.36 -3.52 -

3,4

6 

-0,18 -0,34 -0,30 0,06 

56 1985 2005 -

2.1

7 

* f(year)=-

0.02889*(year-1985)-

3.74778 

-3.75 -

3.9

7 

-4.33 -4.85 -

4,7

2 

-0,58 -1,10 -0,75 0,12 

average fresh (1) forests -3.23 -

3.2

8 

-3.59 -3.91 -

3.7

4 

-0.36 -0.68 -0.46 0.16 

average fresh forests -2.45 -

2.4

5 

-2.90 -3.31 -

2.9

9 

-0.45 -0.86 -0.55 0.32 
a) significance level *** α = 0.001; ** α = 0.01; * α = 0.05; + α = 0.1;  and blank cell α > 0.1. 

Table 8. Average water levels in the habitat types in selected years. 
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 Type of habitats 

Year swamp 2moist 1moist all moist 2fresh 1fresh all fresh 

1986 -0.16 -0.79 -1.14 -0.99 -1.82 -3.24 -2.43 

2002 -0.41 -0.98 -1.43 -1.23 -2.25 -3.61 -2.83 

2004 -0.38 -0.97 -1.31 -1.17 -2.19 -3.68 -2.83 

2022 -0.22 -0.86 -1.24 -1.07 -1.99 -3.65 -2.70 

1999 -0.25 -0.68 -1.12 -0.93 -1.78 -3.12 -2.36 

2023 -0.43 -1.14 -1.40 -1.29 -2.10 -3.63 -2.75 

2023-1999 -0.18 -0.46 -0.28 -0.36 -0.31 -0.52 -0.39 

 

Figure 7. Block diagrams of groundwater in swamp habitats in selected years. 
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Figure 8. Block diagrams of groundwater in 2moist habitats in selected years. 
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Figure 9. Block diagrams of groundwater in 1moist habitats in selected years. 

 

Figure 10. Block diagrams of groundwater in 2fresh habitats in selected years. 
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Figure 11. Block diagrams of groundwater in 1fresh habitats in selected years. 

4. Discussion 

The trends of groundwater level changes from 1985 to 2005 indicate a decline water levels in all 

habitats in Białowieża Forest. Similar results were obtained for groundwater level changes in the 

Białowieża National Park from 1985 to 2001 (Pierzgalski et al. 2002). Water levels in the Białowieża 

Forest were strongly influenced by a long rainless period in 2000, when the lowest water levels since 

1985 were recorded at several monitoring sites (Boczoń, 2002). The prediction of water levels for the 

years 2022-2023 based on the change trends from 1985-2005 indicated a much sharper decline in 

groundwater levels than the measured from these two years. The slowdown in the trend of falling 

water levels is due to the recharge conditions caused by precipitation. Precipitation in Białowieża 

shows clear variations over longer periods. Boczoń and Salachewicz (2022) distinguish 4 periods with 

different precipitation totals of calendar years: 

- Period I: 1951-1966, characterized by low precipitation, with an average annual precipitation 

sum of 562.7mm. There were very dry, dry and average years, and no wet or very wet years were 

recorded. No wet or very wet years were recorded. 

- Period II: 1967-1981, dominated by years with high precipitation (9 very wet and wet years). 

The average amount of precipitation was 733.6mm, there was only 1 dry year. 

- Period III: From 1982 to 2008, the amount of precipitation decreased, so that the average amount 

of precipitation amounted to 610.6mm. Here too, the dry years (10 years) began to outweigh the wet 

years (2 years). 

- Period IV: From 2009 to 2019, the average amount of precipitation was 678.7mm. This period 

is characterized by a high variability of years in terms of precipitation. There were 3 very wet and 2 

wet years, but also 1 very dry year and 2 dry years were recorded. 

The authors point out that the last two years of the period contain one dry and one very dry 

year. This could indicate the start of another period of lower precipitation and predominantly dry 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 May 2025 doi:10.20944/preprints202505.1467.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.1467.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 22 

 

years, or the following years will continue the trend of high variability in annual precipitation. The 

following years (2020-2023) were average in terms of precipitation, and the last wet year (P>695mm) 

was 2017 (794mm in the hydrological year). 

The variability of precipitation means that the groundwater measurements from 1985-2005 fall 

entirely within the period of low precipitation (1982-2008). The low water yield from precipitation 

was probably the main reason for the gradual lowering of the groundwater level to 2005. The 

measurements in the years 2022-2023 are characterized by higher water yields from precipitation. 

Therefore, the trend of lowering the groundwater level in these years was lower than predicted in 

the 1985-2005 measurements. However, the direction of the changes in the groundwater level was 

still negative (1985-2023). In the period 1985-2023, there is a trend towards an increase in precipitation 

(by 56mm). The increasing precipitation can compensate for the increased runoff for evaporation and 

to some extent reduce the rate of lowering of the groundwater table. The apparent seasonality of 

precipitation may determine the rate and direction of groundwater level changes in subsequent years. 

A comparison of years with similar amounts of precipitation showed that the groundwater level 

in 2022 was similar to 1986 and higher than in 2002 and 2004. In contrast, the water level in 2023 was 

significantly lower than in 1999. The differences in water levels in years with similar precipitation 

recharge show that the water balance over a period longer than one year has a major influence on 

groundwater levels. 

A very strong decrease in the groundwater level (approx. 1 m) in the years 1999 and 2023 (with 

similar precipitation recharge) was observed at two measuring points close to each other (55 and 56). 

It should be noted that these monitoring sites are located near the watershed of two large rivers 

(Narew and Narewka). The watershed is the highest area of the catchment; a sharp decrease in the 

groundwater level in the watershed may be due to the lack of water inflow from the higher areas, 

while there is water outflow to the lower areas. Therefore, rainwater is the only groundwater recharge 

in this area. Studies show that areas on the watershed are more vulnerable to decline groundwater 

levels than those closer to the river. 

Declining water levels in watersheds can affect the continuity (periodicity) of upstream rivers. 

Bennett et al. 2012 point out that the high dependence on groundwater recharge and limited 

groundwater storage reserves make river flow in the upper catchments very sensitive to climate 

change. If the upper sections of rivers are no longer continuous, it can be difficult for species 

communities that are not adapted to such dry conditions to quickly regain their vitality, which can 

lead to a change in species composition (Majdi et al. 2020). In the Białowieża Forest, most of the small 

streams are continuous or discontinuous in the upper parts, which is mainly due to the runoff of 

water from snowmelt. The lowering of the groundwater table in the watersheds can reduce the length 

of permanent streams and shorten the water transit time. This is important for the sustainability of 

spring habitats and riparian forests. Similar phenomena have been observed in Bavarian forests in 

Germany. The siimulations of Munier et al. (2024) have demonstrated that upstream reaches are 

especially vulnerable to the effects of decreasing groundwater levels, with a high likelihood that 

streams in these areas will become intermittent in summer,  and for spring areas this could mean 

that water supply from groundwater will decrease substantially or could be interrupted entirely with 

fatal consequences for these sensitive ecosystem and the associated ecosystem services 

Tomczyk et al. (2021) report that in the period 1966/67–2019/20, the number of days with snow 

cover in Bialystok decreased at a rate of 4.2days/10 years. The situation is similar in Białowieża, where 

the rate of change in the period 1951–2019 was 5 days/10 years. And the number of days with snow 

cover per year decreased by 34 days (Boczoń, Salachewicz, 2022). This is probably related to climate 

change. In addition, winter snow cover in Central Europe has decreased in recent years and tends to 

melt much earlier (Szwed et al. 2017; Dong, Menzel 2020; Robinson 2020). In the winter of 2019/2020, 

the snow cover in large parts of the Polish lowlands was non-existent or patchy and largely volatile 

(Tomczyk et al. 2021). 

This can significantly limit groundwater recharge in spring, as the lack of snow cover and the 

prevailing winter precipitation lead to earlier groundwater recharge and earlier river runoff. It is 
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assumed that global warming will increase the frequency of rainfall in winter at the expense of 

snowfall (Kundzewicz et al. 2012). Such a process can significantly improve groundwater recharge if 

there is a lack of water from snowmelt. Between 1985 and 2023, precipitation in the hydrological years 

of Białowieża increased by 56.3mm, with the increase in the winter half-year being almost twice as 

high as in the summer half-year. This can also compensate for the increased evapotranspiration, but 

there is a risk that the rapid rise in temperature will have a greater impact on water runoff than the 

income from the increased precipitation. Good soil water availability at the beginning of the growing 

season is very important for tree growth. In the period from April to July, the main growth of tree 

thickness takes place, which is related to the formation of early wood. Therefore, a lack of available 

water during this period has the greatest impact on tree growth. The groundwater level prediction 

for the winter half-year 2023 showed a significantly lower groundwater level than the measurement 

results (on average by 0.46 m), while the actual level in the summer half-year was slightly higher. 

Despite the changes in the number of days with snow cover and a lower snow cover due to global 

warming, the lowering of the groundwater level in the winter half-year was therefore significantly 

lower. This is probably due to a change in the amount of precipitation, which increased about twice 

as much in the winter half-year as in the summer half-year in the period 1985-2023. 

Dwire et al. (2018) suggest that plant communities that have adapted to high water saturation 

environments, such as riparian areas or swamp, will be affected by the decreasing availability of 

surface water during drought, which could lead to a reduction in the size of these areas over time. 

Currently, measurements in the Białowieża Forest swamp show an average decrease in groundwater 

levels of 0.19m, with the forecast for the period 1985-2005 indicating that the water level in these areas 

will decrease by an average of 0.33m by 2023. Although the decline in water levels in these habitats 

has slowed down, it is still a significant process. A smaller than expected decline in water levels could 

be significantly exacerbated by poorer conditions for rainfall recharge. Currently, higher 

precipitation compensates for water runoff via evapotranspiration, but in the event of lower 

precipitation and progressive global warming, the risk of a decrease in the water table could increase 

significantly. 

5. Conclusions 

The decline of the groundwater level in the period 1985-2023 in the Białowieża Forest was lower 

than predicted from the 1985-2005 measurements in all type of habitats. This is due to the different 

conditions of water recharge due to precipitation: 1985-2005 precipitation in Białowieża was low, the 

average was 604mm, and many dry and very dry years were recorded, while 2006-2023 average 

annual precipitation was 664mm and wet years prevailed. The lower lowering of the groundwater 

table is also due to the higher precipitation in winter. The results show that the lowering of the 

groundwater table in most parts of the study area largely came to a standstill after 2005. 

The problem of falling groundwater levels in the Białowieża Forest can be exacerbated in years 

of low precipitation. The annual precipitation in Białowieża shows a certain periodicity. Lower 

precipitation with increasing air temperature and fewer days with a snow cover in winter, earlier 

snowmelt and recharge in winter mainly by rain may pose a major problem for the groundwater 

table and water availability for Białowieża Forest vegetation at the beginning of the growing season 

in the coming years. 

The observed decline in water levels on watershed could indicate that these areas will be most 

affected by global warming. 
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Glossary 

watershed - the elevated terrain that separates neighbouring drainage basins. 
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