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Streszczenie. Badania przestrzennej zmienności opadu podkoronowego przeprowa-
dzono w roku hydrologicznym 2004 w drzewostanie jodłowo-bukowym w central-
nej części Gór Świętokrzyskich. Na powierzchni badawczej zlokalizowano 40 chwyta-
czy opadu podkoronowego, oddalonych od siebie co 2 m w pięciu rzędach po osiem sztuk. 
Przeprowadzone badania wykazały znaczące różnice nie tylko pomiędzy ładunkiem jonów  
w opadzie podkoronowym w odniesieniu do opadu bezpośredniego, ale również pomiędzy 
poszczególnymi chwytaczami. Najwyższe wartości notowano pod koronami jodeł oraz na 
skraju koron jodeł i buków (efekt parasola). Najniższe wartości zanotowano pod koronami oraz 
tuż przy pniach buków. Analiza statystyczna wykazała istotne różnice w wartości pH opadów 
bezpośrednich i podkoronowych. Średnia ważona wartość pH opadu bezpośredniego wyniosła 
5,54 wobec 4,70 a opadzie podkoronowym. Opad ten był również znaczenie bardziej zminerali-
zowany, ze średnią 10,5 mS.m-1, tj. 3,1 wzrost w odniesieniu do opadu bezpośredniego. Wyniki 
analizy wariancji ANOVA potwierdziły istotność różnic (F = 33,28, p<0,001). Depozycja jonów 
siarczanowych oraz potasu wykazała znaczące różnice w zależności od gatunku. Najwyższe war-
tości zanotowano pod koronami jodeł, z wartości maksymalną stanowiącą 15,4-krotny wzrost 
w odniesieniu do opadu bezpośredniego. Wysoka depozycja jonów siarczanowych oraz jonów 
wodoru przyczynia się do wzmożonego wymywania jonów potasu. Stwierdzono, że maksymal-
ne wartości deponowane do gleb występowały w obrębie koron jodeł. 
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INTRODUCTION

The conducted studies concern the circulation of substances in forest ecosystems, 
and they point to marked qualitative and quantitative differences between precipitation 
in the open space and precipitation under canopy. The studies in Poland were carried 
out e.g. in Białowieża Forest (Olszewski, 1984), Słowiński National park (Parzych 
et al., 2008), Wielkopolska National Park (Kruszyk, 1993; Kostrzewski et al., 1994), 
Carpathian Foothills (Szarek-Łukaszewska, 1999), Sudetes (Błaś, Sobik, 2002), Ojców 
and Wielkopolska National Park, the area of Tricity (Polkowska et al., 2005), Zielonka 
Forest (Kruszyk et al., 2013), and in Świętokrzyskie Mountains (Jóźwiak, Kozłowski, 
2008; Kozłowski et al., 2012, Kozłowski, 2013). Due to the much lower total amount 
of precipitation, forest soils are provided with considerably greater amounts of mine-
ral and organic elements. An important element which modifies the intensity of the 
transformation of precipitation in the forest is the composition of the forest stand. 
Coniferous species modify precipitation much more strongly; therefore, they more in-
tensely affect the amount of elements supplied to soils. This, in turn, results in quicker 
chemical denudation. This process is especially significant in mountain areas, which 
constitute a natural orographic barrier for moving air masses that contain contami-
nants. With a higher total amount of precipitation, it contributes to the increase of the 
supply of anthropogenic substances to soils (Jóźwiak, Kozłowski, 2008), contributing, 
among others, to the spatial differentiation of carbon and nitrogen at the mineral level 
(Jóźwiak et al., 2009).

The spatial distribution of throughfall depends on the structure of the forest stand, 
its composition, density, floor structure and crown shape (Otto, 1994), the level of leaf 
and needle density in crowns and the distance from the trunk (Olszewski, 1984, Whe-
lan et al., 1998). 

The object of the study was the analysis of spatial diversity of throughfall in the fir-
-beech stand in the central part of Świętokrzyskie Mountains. 

AREA AND METHODS OF STUDIES

The studies were conducted in the hydrological year 2004 in the area located in Święto-
krzyski National Park, on Środkowomałopolska Highland in Świętokrzyskie Mountains, in 
the medium and high mountains, on the territory of Base Station for Integrated Environ-
mental Monitoring “Świętrzy Krzyż”, which belongs to Jan Kochanowski University (50°53’ 
N and 21°02’ E; 513.5 m above sea level). 
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The studies utilised 40 collectors located on a rectangular plan, 2 meters from each 
other, in five rows, 8 collectors each, on the surface area of 112 m2 within the fir-beech 
forest stand known as the Dentario glandulosae−Fagetum association (Bróż, Kapuciń-
ski, 1990). Crown density on the testing area was over 77%. (Fig. 1). The measurements 
of precipitation level were made with Vaisala rain gauge, in accordance with the applied 
study method of the Integrated Environmental Monitoring (Kostrzewski et al., 2006). 
The level of precipitation as well as its physical and chemical parameters, i.e. pH and 
specific electrolytic conductivity (SEC), were measured in-situ, on a weekly basis and 
individually for each measurement point. For this purpose, there were employed a pH-
-meter CP-103 and a conductivity meter CC-101 of Elmetron brand, calibrated before 
each measurement series. Each time, the samples collected in-situ were transported to 
the laboratory and stored in temperature +4oC. The chemical composition was tested 
for K+ content using an atomic emission spectroscope. In the chosen dates, concentra-
tions of SO42- were also analysed. The collected data then underwent statistical analysis 
using the programme Statistica v.10.0. The obtained variables were initially analysed 
with the use of the Saphiro-Wilk test in order to determine whether their distribution 
complies with the normal distribution. Then the results were analysed with the use of 
the single-factor ANOVA analysis, upon a prior test of the homogeneity of variance by 
means of Brown-Forsythe test. If the assumptions were not met, the further analysis 
employed non-parametric tests. Agglomeration procedure was also conducted, with 
the use of Wars method and Manhattan distances. The spatial distribution of the va-
riation of parameters measured at the forest bottom were shown by means of isolines 
drawn using the kriging method in the programme Surfer 8.6. For the purpose of cal-
culating the weighted averages of pH and conductivity, the used weight was the total 
amount of precipitation.

RESULTS

In the hydrological year 2004, the average air temperature was 6.1oC and it varied 
from -7.4oC in January to 16.9oC in August (Table 1). The average air humidity was 
78.9%. The highest humidity was noted in November (88.9%), and the lowest – in Fe-
bruary (66.9%). 
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Table 1. Monthly variation of selected parameters in the hydrological year 2004
Tabela 1. Miesięczna zmienność wybranych parametrów w roku hydrologicznym 2004

Months
Miesiące

BP  
[mm]

TF  
[mm] % BP pH  

BP
SEC BP 
[mS.m-1]

pH  
BP

SEC TF 
[mS.m-1]

Tśr [oC] 
Average 
tempere-

ture

Humidity
 [%] 

Wilgotność

XI 30.0 26.1 87.1 6.00 4.53 3.77 15.5 1.9 88.9
XII 55.4 65.4 118.0 5.09 3.86 3.85 15.4 -1.8 81.0
I 37.4 44.8 119.8 4.54 2.32 3.78 14.0 -7.4 78.0
II 38.2 34.6 90.6 4.74 1.92 4.17 13.2 -2.4 66.9
III 37.8 33.7 89.1 5.48 6.27 4.11 15.5 1.1 73.7
IV 54.8 42.8 78.1 5.52 1.83 4.62 6.8 6.4 71.7
V 50.4 17.5 34.7 5.19 2.30 5.30 10.4 10.2 77.0
VI 52.8 22.6 42.8 6.03 2.78 5.53 11.4 13.6 76.0
VII 91.0 58.1 63.8 5.84 3.00 4.79 5.8 15.3 77.8
VIII 125.4 76.7 61.2 6.32 1.00 5.73 3.9 16.9 82.8
IX 28.8 6.9 24.1 5.34 2.29 5.96 13.6 11.6 86.4
X 48.4 35.3 73.0 6.34 12.65 5.78 9.7 7.8 86.5
Year/Rok
(average/
sum)
(średnia/
suma)

650.4 464.5 71.4 5.67 3.36 4.70 10.51 6.1 78.9

SD (stan-
dard 
deviation)
(odch. 
stand.)

27.8 20.3 30.1 0.59 3.14 0.84 4.00 7.8 6.5

SEC – conductivity, BP – precipitation, TF – throughfall. 
SEC – przewodność elektrolityczna właściwa, BP – opad atmosferyczny, TF – opad podkoronowy.

The analysis of the level of precipitation showed that the precipitation in the testing 
period was 650.4 mm, with variations from 28.8 mm in September to 125.4 mm in July. 
The average annual throughfall at all points amounted to 464.5 mm, which constituted 
71.4% of direct precipitation. The lowest total amounts of sub-crown and direct precipi-
tation were noted in September. Throughfall constituted 24.1% of the precipitation over 
the forest. The highest total amounts were noted in January and December; their values 
exceeded the values of precipitation. They were, respectively, 44.8 mm and 65.4 mm, 
which constituted 119.8% and 188.0% of the precipitation over the forest. Additional 
total amount may be the result of the so-called horizontal precipitates. The intensity of 
this phenomenon in the discussed area may be caused by a period of greater frequency 
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of fog and low clouds as compared with the neighbouring areas, which lasts from 
October to April and reaches its peak in November (Żarnowiecki, 2001). Humidity 
noted from January to March often reached the value of about 100%. The Spearman's 
rank correlation analysis did not show any statistically significant relations between the 
amount of throughfall and relative air humidity. Therefore, the relation between the le-
vel of direct precipitation and throughfall was analysed individually for each collector. 
In all cases, the noted correlation was statistically significant (p < 0.05). The variations 
in respective measurement points were from r = 0.619 to r = 0.828. The analysis of the 
average amount of throughfall in all collectors, which took into consideration the level 
of direct precipitation, showed a significant correlation (r = 0.865; r2 = 0.748; p = 0.000), 
where the amount of throughfall in the fir-beech stand may be calculated using the 
formula: TF (mm) = 0.0487 + 0.7142.BP (mm) (Fig. 2). 

The performed Ward agglomeration procedure in samples collected on Święty Krzyż 
showed that we can distinguish between two groups of collectors on the basis of the 
amount of throughfall. Group A includes 17 collectors, most of which are located in 
fir crowns. Throughfall in this group was 515.5 mm, which constituted 79.3% of direct 
precipitation. This value is 7.9% higher than the average result for the whole testing 
area. This group may be divided into two smaller, more homogeneous subgroups. The 
total precipitation in subgroup A2 was the lowest and it was 83.9% on average. The 
subgroup contains collectors located under fir crowns and their borders. Slightly lo-
wer values were noted in subgroup A1, with the average precipitation amounting to 
77% of atmospheric precipitation. The group includes four collectors placed within 
fir crowns, three in the gaps and one on the border of beech crown. Group B consists 
of 23 collectors with lower total throughfall. On average, the precipitation constitutes 
65.6% of direct precipitation. Just as group A, group B was also divided into two sub-
groups. Subgroup B1 includes collectors located under tree crowns and on the border 
of beech crowns. The total amount of precipitation was the lowest here, and its average 
value was only 64.1% of direct precipitation. Subgroup B2 is more varied and it includes 
collectors located in gaps, under fir crowns and on the border of fir and beech crowns. 
The average precipitation in this group was 69.2% of the precipitation over the forest. 
The analysis of physical and chemical properties showed that the weighed average va-
lue of direct precipitation in that period was pH 5.54. The waters of throughfall had 
much lower values; the average was pH 4.70, while the variations in individual months 
were from pH 3.77 to pH 5.96. The single-factor ANOVA analysis showed statistical-
ly significant differences between the pH values of direct and throughfall (F = 12.07;  
p< 0.001). The values of electrolytic conductivity were analysed analogically. The average 
weighed SEC value of precipitation waters was 3.36 mS.m-1. The waters of throughfall 
were much more mineralised, with the average of 10.51 mS.m-1, which was over 3.1 
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times more than in the case of direct precipitation. The results obtained by means of the  
ANOVA test (F = 33.28; p < 0.001) confirmed the differences between direct precipitation 
and throughfall. The analysis of spatial variations in the pH of throughfall water in respec-
tive collectors showed great pH variation from pH 4.53 to pH 5.19. These values are lower 
than those noted in the case of direct precipitation. In order to determine the statistical 
significance of the obtained results, the collected data was analysed using the one-factor 
ANOVA analysis. It was determined that there are statistically significant differences 
between the pH values of direct precipitation and pH values of throughfall in respective 
collectors (the ANOVA test F = 1; p = 0.002). The post-hoc analysis using Tukey's test 
showed that the differences were significant for points located under fir crowns (point 4, 
8, 9, 10, 15, 31, 36 and 37). The lowest pH values were noted in those collectors (Fig. 4). The 
analysis of the level of potassium load showed spatial diversity (Fig. 5). It was discovered 
that the highest loads reached the soils in the area of fir crowns, while the lowest loads – 
under beech crowns. The one-factor ANOVA analysis revealed its heterogeneity (F = 4.11;  
p < 0.001). The post-hoc analysis using Tukey's test showed statistically significant dif-
ferences (p < 0.05) in potassium load between direct precipitation and 10 collectors 
(number 2, 3, 4, 5, 6, 9, 10, 11, 31, 36), nine of which were located under or on the border 
of fir crowns and one under fir crowns and on the border of beech crown. The annual 
potassium load in these measurement points varied from 31.8 to 48.8 kg.ha-1, while the 
average value for the whole surface area was 24.8 kg.ha-1. In comparison with the direct 
precipitation (6.06 kg.ha-1), the load is increased from 5.2 to 8.1, with the average value 
for the whole plot amounting to 4.1 kg.ha-1. The lowest load was noted in collector no. 20 
(13.7 kg.ha-1), which was located in the gap between tree crowns.

The distribution of spatial load of sulphate ion deposited to soil depends on the com-
position of the forest stand. Drawing on the results obtained in January 2004, it was de-
termined that the highest values were noted in collectors located under fir crowns, with 
the maximum value of 18.8 and 18.5 kg.ha-1 (point 10 and 5), which is 15 times more 
than in the case of direct precipitation (1.2 kg.ha-1). The average for the entire surface 
area amounts to 5.5 kg.ha-1 (load increase by 4.5 times). As regards points located under 
firs, the noted sulphate load was 9.1 kg.ha-1 (7.5-time increase). The collectors located 
under the crowns of firs and deciduous trees showed slightly lower values (8.6 kg.ha-1, 
7-time increase). The lowest values, with the average of 2.3 kg.ha-1 (1.9-time increase) 
were noted under beech crowns. 
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DISCUSSION

The studies conducted in the forest stand in the central part of Świętokrzyskie Mounta-
ins showed that the amount of throughfall occurring from November to March exceeded 
the level of direct precipitation. As stated by Feliksik, Smoła (1999), the intensity of this 
process is caused not only by the composition of the forest stand, but also the sculpture and 
topography of the area and the meteorological conditions. The additional amount is the 
effect of the so-called fog precipitate. This process is especially visible in coniferous species; 
due to their larger receptive surface, they have more suitable conditions to collect water 
drops from fog. In Poland, this phenomenon was described by, among others, Ermich et 
al. (1972), Błaś and Sobik (2002) and Kozłowski (2009), and it is characteristic for mountain 
forests. The additional supply of water from fog may occur as a result of sedimentation of 
fog drops or inert collisions. Depending on the temperature of the object on which fog sedi-
ments, it can take the form of rime (if the temperature of the object sediments is lower than 
0oC) or liquid precipitate (if the temperature is above 0oC). The potential role of fog in the 
additional water supply is the result of meteorological and morphological factors. The most 
important of them include the frequency of fog, its water content and wind speed (Błaś, 
Sobik, 2002), height above sea level, exposition, type of landform and the variety of types 
of land cover (Błaś et al., 2002). Another significant factor is the distance between measu-
rement points and the border of the forest (Kozłowski, 2013). Despite the lack of statistical 
relations in Świętokrzyskie Mountains, this source constitutes an important element in wa-
ter balance. The studies conducted by Shubzda et al. (1995) in 1993-1994 in the USA (South 
Appalachians) proved that in spruce forests located 1720 m above sea level, the bottom of 
the forest was reached by 96.6%, while in the case of forests located at 1940 m above sea level, 
the bottom was reached by 126.2%. According to the authors, the direct relation between 
the increase of the noted values and the increase of the height above sea level is the effect of 
the additional amounts of water originating from horizontal precipitate. The studies carried 
out by Dambrine et al. (1998) also showed the diverse amounts of throughfall depending 
on the height above sea level. According to Puchalski and Prusinkiweicz (1975) as well as 
Klein (1979), the amount of precipitation permeating through tree crowns depends on the 
composition of the forest stand, its density and structure. Coniferous forests pass more 
water than deciduous forests. It is justified by the fact that in the period from autumn to 
spring, deciduous trees have no leaves. Beech stands stop from 8 to 30% of precipitation 
water. When it comes to spruce and pine stands, the values are considerably higher. Such 
forest stands stop from 12 to 53% and from 18 to 36% of direct precipitation respectively. 
As reported by Intribus (1977), in beech forests in Slovakia, throughfall constituted 67.2% of 
direct precipitation. The studies conducted by Kruszyk (1993), Kostrzewski et al. (1994) in 
Wielkopolska National Park showed that in the forest stand composed of beech (71%) and 
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pine (27%), throughfall amounted to 66.1% and 66.4% of direct precipitation respectively. 
Much higher values were observed by Szarek-Łukaszewska in the basin of Ratanica stream 
in a beech-pine forest. In 1991–1995, the bottom of the forest was reached by 72.5% of direct 
precipitation on average. The measurements performed by Klein (1979) in 1966-1970 indi-
cate that the bottom of the mixed deciduous forest Tilio-Carpinetum was reached, on ave-
rage, by the following percentage of direct precipitation: in April – 84.7%, in May – 81.6%, 
in August – 77.8%. Starting from September, the amount of precipitation water reaching the 
bottom of the forest gradually increased, and in November it reached 81.3%. The studies by 
Kruszyk et al. (2013) proved that during the period of full leafage, the level of permeability, 
calculated on the basis of 19 collectors, was from 59.0% to 122.5%. During the period of no 
leafage, the value of this parameter was 93.4%. The authors came to a conclusion that the 
negative interception observed during vegetation period was probably caused by the spatial 
diversity of precipitation level on the area of studies. Convective precipitation also occurred 
at that time.

As shown by these studies, the spatial and temporal variation of the amount of pre-
cipitation permeating through tree crowns depends on a number of factors. Apart from 
those given in the literature, i.e. the height above sea level, the frequency of fogs, air tem-
perature and humidity, wind speed, and density of crowns, the amount of throughfall 
also depends on the composition of the forest stand and the amount of direct precipita-
tion. The same relation was noted by Olszewski (1976) in Białowieża National Park.

The analysis of electrolytic conductivity showed that the collectors located under 
fir crowns were characterised by the greatest mineralisation. This stems from the 
greater receptive surface, the presence of assimilation organs throughout the year, 
and especially during autumn and winter months, when we encounter the increased 
emission due to the so-called heating season (Kozłowski et al., 2011). The substances 
that sediment by means of dry deposition are washed away when precipitation occurs. 
This leads to the increase of mineralisation of throughfall (Degórski, 1978, Whelan et 
al., 1998). 

The lowest pH values were noted under fir crowns, while the highest – under beech 
crowns. The differences point to a greater ability of the organs of deciduous trees to 
neutralise acid deposition (Bini, Bresolin, 1998; Silva, Rodriguez, 2001), and a lower 
ability of the crowns of such trees to collect aerosols from the air, especially in the 
months where they have no leaves (Neary, Gizyn, 1994). As it was proven by the studies 
conducted by Potter et al. (1991), the factors responsible for the decrease of throughfall 
acidity are the ion-exchange reactions that take place within tree crowns. As a result, 
the ions of potassium, calcium and magnesium are washed away from assimilation or-
gans. According to Johnson and Lindberg, in order to calculate the real load of sulphate 
ions reaching the bottom of the forest, one should take into consideration not only 
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direct precipitation, but also dry deposition. In highly polluted areas, this may cause 
up to 40–60% of the total sulphur deposition (Garten et al., 1988; Johnson, Lindberg, 
1992). Therefore, in polluted areas, the total load of sulphates supplied to the bottom 
by means of throughfall is used as the marker of total deposition (Butler, Likens, 1995). 
The studies conducted in the central part of Świętokrzyskie Mountains showed that 
the highest sulphate loads are supplied to soils within fir crowns. The maximum noted 
load increase was by 15.4 times, while the average for the entire area amounted to 4.4. 
It should be emphasised that the values were obtained during the heating season, in 
which sulphur concentration in the air is higher. Such a high load of acid deposition 
leads, among others, to the intensification of ion-exchange processes. As a consequence 
of this exchange, significant amounts of potassium, calcium and magnesium ions are 
washed away from tree crowns. Ukonmaanaho and Starr (2002) claim that the process 
of washing away affects mostly the monovalent ions of potassium, which are more 
mobile than divalent cations, while its intensity depends on the load of acid deposition 
(Shibata et al., 2001). The studies by Kozłowski et al. (2012) showed that in the central 
part of Świętokrzyskie Mountains, over 91% of potassium ions were the ions washed 
away from assimilation organs. Dobrowolska (2007) stated that the vitality of fir in 
mixed forest stands with a large proportion of deciduous species depends on numerous 
ecological factors, in particular light conditions. The results obtained in Świętokrzyskie 
Mountains provide further information about abiotic ecological factors which may 
affect the health condition and vitality of fir. The noted levels of deposition within 
fir-beech forest stand indicate that fir obtains significantly higher load of substances 
(including acidifying ones) than beech. In the event of acid deposition and nutrient 
deficiency in soils, there may occur disturbances in tree nutrition, which may result in 
dying of forest stands. Kowalkowski et al. (1990) pointed out that the lower neutrali-
sation of acid deposition in the crowns of coniferous trees may indicate bad condition 
of firs. Moreover, acid deposition may lead to the acidification of soil as well as surface 
and underground water (Lorz et al., 2005; Małek, 2009; Jonczak, 2012).

CONCLUSION

 ■ The level of direct precipitation has a critical effect on the level of throughfall.
 ■ Spatial variation of the amount of throughfall is determined by the composition of 

the forest stand. The highest values were noted, respectively, under fir crowns, at the 
border of fir crowns, at the border of beech crowns, under beech crowns.

 ■ The amount as well as physical and chemical properties of throughfall are signifi-
cantly influenced by the season of the year.
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 ■ The lowest pH values were obtained under crowns and at the border of fir crowns. 
This area was also characterised by the highest loads of potassium and sulphates.

Ryc. 1. Rozmieszczenie punktów pomiarowych na powierzchni badawczej 
Fig. 1. Location of measurement points on the study area

Ryc. 2. Zależność między wysokością opadu podkoronowego a opadem atmosferycznym
Fig. 2. The relationship between the throughfall and precipitation
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Ryc. 3. Aglomeracja metodą Warda wysokości opadu
Fig. 3. The agglomeration of Ward method of precipitation

Ryc. 4. Zmienność wartości pH w poszczególnych chwytaczach na tle opadu atmosferycznego
Fig. 4. Variation of pH value each measurment points against precipitation
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Ryc. 5 Przestrzenna zmienność ładunku K+ w obrębie powierzchni testowej oraz krotność ła-
dunku jonu siarczanowego deponowanego do gleb z opadem podkoronowym (OA = 1)
Fig. 5. Spatial variability of K+ load on the study area and times of SO4

2- load deposited to soil 
with throughfall (precipitation = 1)
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