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Abstract: In this work, a study of the biogenic composition of atmospheric precipitation and its
change during the passage through the crowns of trees of a downy oak forest was carried out. First
of all, the content of rainwater-soluble compounds of all the considered elements in rainwater under
the forest canopy was higher than in rainwater in an open area. It was revealed that the main forms
of nitrogen in the atmospheric fallout were nitrates and ammonium. The average concentrations
of nitrogen anions in rainwater collected under the canopy were higher than in rainwater collected
in the open area. The proportion of nitrite nitrogen in rainwater under the canopy was 6% higher
than in rainwater collected in the open area. Simultaneously with the increase in the proportion of
nitrite nitrogen, nitrate nitrogen decreased. For all considered biogenic substances, an increase in
their content was observed in the warm period of the year. We found an inverse relationship between
the concentration of inorganic nitrogen and phosphorus in precipitation and the relative air humidity
and wind speed. It was established that the pH of precipitation falling under the crowns of trees
was lower than the pH of precipitation in the open area. It was revealed that the increase in the
concentration of biogenic elements was in accordance with the phase of plant development during
the growing season.

Keywords: atmospheric fallout; biogenic elements; chemical composition of precipitation; under the
forest canopy; rainwater; downy oak forests

1. Introduction

Atmospheric precipitation not only contributes to the removal of impurities from the
atmosphere, but also leads to the entry of various chemical elements into the surface waters
of land and the world ocean. The high efficiency of forest functioning is achieved due to
the intensive and constant exchange of matter in the system atmosphere–forest canopy–soil.
The chemical transformation of atmospheric water occurs after its interaction with the
aboveground phytomass of forest stands. Precipitation is included in the biogeocenosis
and actively affects the biological cycles. At the same time, the atmosphere is a significant
source of biogenic elements, such as, for example, nitrogen, phosphorus, and silicon, which
most often limit the development of the productivity of aquatic ecosystems [1–3].

The forest ecosystems have a significant impact on changes in the chemical composi-
tion and amount of precipitation. Passing through the crowns of woody plants, atmospheric
precipitation undergoes a number of transformations that lead to a change in its initial
amount and chemical composition [1,2,4–7]. This leads to an increase in the content of
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most components in rainfall under the forest canopy, in comparison with atmospheric
precipitation, including biogenic elements [2,6].

The study of the crown runoff of trees is considered in many works [8,9]. However,
the study of changes in the chemical composition of precipitation is more limited. At the
same time, there are studies on the influence of epiphytes and forophytes on changes in
the chemical composition of precipitation [10–12], of precipitation in rainforest tropical
ecosystems [13–15], of leaf litter [16,17]. However, the study of the influence of deciduous
tree species, including oak forests, on the chemical composition of precipitation is presented
to a much lesser extent [18].

The authors of a previous work [6] showed that in a forest canopy of deciduous-
coniferous plantation, a combination of the ions HCO3

−, K+, NH4
+, NO3

−, Ca2+, Na+ and
an amount of Cl− and SO4

2− is observed in precipitation. In another work [2], the authors
showed that the pH value decreased from 5.8 to 5.5. At the same time, it was shown that
under the influence of the canopy, the concentrations of most elements increased. For
example, the content of hydrocarbonate ions in the water that passed the canopy increased
almost fourfold. In particular, sodium and potassium were washed out directly from the
leaves and tissues of plants [19]. Rainfall carries out the transfer of elements from the
atmosphere to ecosystems and maintains biogenic cycles in the plant–soil system. Some
authors [1,19] found that different types of woody vegetation have a different effect on the
formation of rainwater acidity and the rainwater content of certain components. For all
elements, there are both facies differences in their supply to the underlying surface and
intrafacial differences, under different trees and within their under-canopy space. This is a
consequence of the biochemical features of a tree and the actual landscape–geochemical
conditions of its growth [2,20,21]. The effect of deciduous forest canopies on the chemical
composition of rainfall and surface waters, especially their microelement composition, is
poorly understood.

In an article [22], hydrological partitioning and changes in the solute composition
of rainfall were studied in three tree species: Roystonearegia, Ficus microcarpa, and
Lagerstroemia speciosa. A canopy model was used for estimating the contribution of
canopy exchange and dry deposition to net rainfall (throughfall + stemflow) solute flux.
At the same time, the concentrations of Ca2+, K+, Na+, Mg2+, Cl, NO3

−, and SO4
2+ in

throughfall and stemflow were higher than in rainfall. The authors of another work [23],
monitored I, Se, and Cs concentrations in both rainfall and throughfall of fourteen French
forested sites and estimated dry deposition and canopy exchange fluxes for I, Se, and Cs.

The atmospheric inputs of selected Trace Metals, i.e., Cd, Cu, Ni, Pb, Sb, Zn, as well
as Al, Fe, and Mn, in six forested sites in France were studied [7]. The authors noted that
trace metals present in labile forms (Cd, Ni, Zn) interact with the canopy and are cycled
in the ecosystem, and their concentration is either slightly increased or even decreased
in throughfall. Sb, Pb, and Cu concentrations are increased through the canopy, as a
consequence of dry deposition accumulation. In the work [24], the authors confirmed
that the interactions between precipitation and forest canopy elements (bark, leaves, and
epiphytes) control the quantity, spatiotemporal patterning, and chemical concentration,
character, and constituency of precipitation to soils.

In other works [2,6], the authors pointed out that birch, spruce, and beech have
different effects on the chemical composition of rainwater. The authors of [20] showed that
the degree of influence on the chemical composition of rainwater also depends on the age
of the forest.
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The chemical composition of atmospheric precipitation and the content of biogenic
elements in atmospheric precipitation on the territory of Crimea were studied earlier [25–31].
These works were carried out in Sevastopol, Katseveli, and Trudolyubovka, which are all
under technogenic influence. In environmentally friendly places and reserves, the content
of biogenic and other chemical elements in precipitation, as well as the influence of the
forest canopy on the chemical composition of precipitation on the territory of the Crimean
Peninsula, have not been studied.

The purpose of this paper was to assess the content of biogenic substances (nitrogen,
phosphorus) in precipitation and its change when passing through the crowns of trees of a
downy oak forest in the Karadag Nature Reserve territory.

2. Materials and Methods

The study was carried out on the territory of the Karadag Nature Reserve (Figure 1).
The Karadag Nature Reserve is located in the southeastern part of the Crimean Peninsula
at the junction of mountain forest, steppe, and coastal marine zones. The territory of the
reserve includes the ground part and the sea area. The climate of the Karadag Nature
Reserve is characterized by transitional Mediterranean features. It is characterized by
moderately hot dry summers and mild wet winters. There are no permanent rivers in the
reserve. Within the boundaries of the Karadag Nature Reserve, there are groundwater
outlets, which often dry up in summer. The vegetation of the Karadag Nature Reserve is
sub-Mediterranean with the addition of steppe species.

Forests 2023, 14, x FOR PEER REVIEW 3 of 16 
 

 

are all under technogenic influence. In environmentally friendly places and reserves, the 
content of biogenic and other chemical elements in precipitation, as well as the influence 
of the forest canopy on the chemical composition of precipitation on the territory of the 
Crimean Peninsula, have not been studied. 

The purpose of this paper was to assess the content of biogenic substances (nitrogen, 
phosphorus) in precipitation and its change when passing through the crowns of trees of 
a downy oak forest in the Karadag Nature Reserve territory. 

2. Materials and Methods 
The study was carried out on the territory of the Karadag Nature Reserve (Figure 1). 

The Karadag Nature Reserve is located in the southeastern part of the Crimean Peninsula 
at the junction of mountain forest, steppe, and coastal marine zones. The territory of the 
reserve includes the ground part and the sea area. The climate of the Karadag Nature 
Reserve is characterized by transitional Mediterranean features. It is characterized by 
moderately hot dry summers and mild wet winters. There are no permanent rivers in the 
reserve. Within the boundaries of the Karadag Nature Reserve, there are groundwater 
outlets, which often dry up in summer. The vegetation of the Karadag Nature Reserve is 
sub-Mediterranean with the addition of steppe species. 

 
Figure 1. Study area map. 

The Background Environmental Monitoring Station (BEMS) is located in the territory 
of the reserve, on the northeastern slope of mountain Svyataya in a site with steppe vege-
tation with isolated trees. The bordering forest area, in which precipitation was collected, 
is a downy oak–ash forest with dogwood in the undergrowth (crown density up to 60%). 
The distance to the nearest village, Koktebel, is about 1.5 km. The station is separated from 
the sea by the Kok-Kaya Ridge (320 m) [32]. 

Precipitation was collected monthly by sediment collectors with a height of 59 cm 
and a diameter of 26.5 cm. At the same time, accounting and analysis of atmospheric pre-
cipitation were carried out in an open area and under the forest canopy (Figure 2). After 
each rain, the precipitation was poured into sterile containers. The resulting rainwater 

Figure 1. Study area map.

The Background Environmental Monitoring Station (BEMS) is located in the territory
of the reserve, on the northeastern slope of mountain Svyataya in a site with steppe
vegetation with isolated trees. The bordering forest area, in which precipitation was
collected, is a downy oak–ash forest with dogwood in the undergrowth (crown density
up to 60%). The distance to the nearest village, Koktebel, is about 1.5 km. The station is
separated from the sea by the Kok-Kaya Ridge (320 m) [32].
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Precipitation was collected monthly by sediment collectors with a height of 59 cm
and a diameter of 26.5 cm. At the same time, accounting and analysis of atmospheric
precipitation were carried out in an open area and under the forest canopy (Figure 2). After
each rain, the precipitation was poured into sterile containers. The resulting rainwater
was delivered to the laboratory. The preparation of the samples for analysis and the
laboratory analysis of the content of biogenic substances in the atmospheric precipitation of
the selected samples were carried out in the scientific and educational collaborative center
“Spectrometry and Chromatography” at the Research Center of IBSS (Sevastopol).

Forests 2023, 14, x FOR PEER REVIEW 4 of 16 
 

 

was delivered to the laboratory. The preparation of the samples for analysis and the la-
boratory analysis of the content of biogenic substances in the atmospheric precipitation of 
the selected samples were carried out in the scientific and educational collaborative center 
“Spectrometry and Chromatography” at the Research Center of IBSS (Sevastopol). 

  
(a) (b) 

Figure 2. Monitoring point for the content of biogenic elements in atmospheric fallout: (a) open area; 
(b) under the forest canopy. 

All studied biogenic elements were determined by spectrophotometry, on a KFK-3 
ZOMZ photometer (JSC "ZOMZ", Sergiev Posad, Moscow region, Russia). The method 
for determining the nitrate ion is based on the reduction of nitrates to nitrites. Copper-
plated cadmium is used as a reducing agent, and EDTA diatrium salt (Trilon B) is used as 
a complexing agent. The nitrite ion was determined by the Bendschneider and Robinson 
method. Ammonium nitrogen in precipitation was determined by the Seji–Solorzano 
method. Inorganic phosphate in the form of H2PO4- was determined by the Murphy–Riley 
method, which is based on the formation of a phosphomolybdenum complex and its sub-
sequent reduction to a strongly colored blue compound [33]. 

Weather conditions data were recorded at the WS 600 weather station (OTT Hy-
droMet Fellbach GmbH, Fellbach, Germany), which is installed on the territory of the 
BEMS. Climate data were recorded every hour. 

For a detailed study of the relationship between factors (concentrations of nitrite ion, 
nitrate ion, ammonium ion, inorganic phosphorus, pH value, precipitation, relative hu-
midity, wind speed), we calculated Pearson’s correlation coefficients. 

3. Results 
3.1. Acidity 

One of the most important indicators of the chemical composition of atmospheric 
precipitation is its acidity. Figure 3 shows the change in the pH of precipitation in the 
period from April 2021 to January 2022. 

Figure 2. Monitoring point for the content of biogenic elements in atmospheric fallout: (a) open area;
(b) under the forest canopy.

All studied biogenic elements were determined by spectrophotometry, on a KFK-3
ZOMZ photometer (JSC ”ZOMZ”, Sergiev Posad, Moscow region, Russia). The method for
determining the nitrate ion is based on the reduction of nitrates to nitrites. Copper-plated
cadmium is used as a reducing agent, and EDTA diatrium salt (Trilon B) is used as a
complexing agent. The nitrite ion was determined by the Bendschneider and Robinson
method. Ammonium nitrogen in precipitation was determined by the Seji–Solorzano
method. Inorganic phosphate in the form of H2PO4

− was determined by the Murphy–
Riley method, which is based on the formation of a phosphomolybdenum complex and its
subsequent reduction to a strongly colored blue compound [33].

Weather conditions data were recorded at the WS 600 weather station (OTT HydroMet
Fellbach GmbH, Fellbach, Germany), which is installed on the territory of the BEMS.
Climate data were recorded every hour.

For a detailed study of the relationship between factors (concentrations of nitrite
ion, nitrate ion, ammonium ion, inorganic phosphorus, pH value, precipitation, relative
humidity, wind speed), we calculated Pearson’s correlation coefficients.

3. Results
3.1. Acidity

One of the most important indicators of the chemical composition of atmospheric
precipitation is its acidity. Figure 3 shows the change in the pH of precipitation in the
period from April 2021 to January 2022.
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Figure 3. Changes in the pH of precipitation by month.

The chart shows that during the research period in this area, we measured a
pH = 6.23 – 7.82 (average value 6.8). For rainwater that had passed through the canopy of
trees, this indicator decreased to pH = 5.55–6.77 (average value 6.1). However, in May 2021,
the pH of rainwater collected in the open area had the highest value (pH = 7.82), and the
pH of rainwater under the forest canopy had the lowest value of 5.55. Figure 3 shows the
average contents of all considered elements for the entire period of the study. It shows that
the content of rainwater-soluble compounds of all the considered elements in the rainwater
under the forest canopy was higher than in the rainwater in the open area.

3.2. Inorganic Nitrogen

Inorganic nitrogen compounds in natural water—ammonium ions, nitrous and nitric
acids—appear mainly as a result of the final decomposition of protein-origin substances.
The relative contribution of nitrogen-containing ions to the composition of atmospheric pre-
cipitation is shown in Figure 4. The average concentrations of nitrogen anions in rainwater
collected under the canopy were higher than in rainwater collected in the open area.
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The main forms of inorganic nitrogen were still nitrate and ammonium nitrogen
(Figure 5). The share of nitrate nitrogen in rainwater under the canopy and the share in
rainwater collected in the open area were 65% and 60%, respectively. However, the pro-
portion of nitrite nitrogen in rainwater under the canopy was 6% higher than in rainwater
collected in the open area, corresponding to 11% and 5%, respectively. Simultaneously with
the increase in the proportion of nitrite nitrogen, nitrate nitrogen decreased from 65% in the
open area to 60% under the canopy, and ammonium nitrogen from 31% in the open area to
29% under the canopy. Here, it should be noted that the order of the relative contribution
of nitrogen-containing ions in rainwater in the open area and under the forest canopy did
not change (NO3

− > NH4
+ > NO2

−).
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The acidity of rainwater in one area may differ from the acidity of rainwater in another
area. This depends on the types of gases contained in the atmosphere of a particular area,
such as sulfur oxide and nitrogen oxides.

There was a sharp increase in nitrite in rainwater collected under the canopy in June.
There was also a sharp increase in the content of the nitrate ion in May 2021 in the rainwater
under the forest canopy and the ammonium ion in September 2021 (Figure 6). This increase
affected the total content of the resulting nitrogen ions. The average content of nitrogen
ions in rainwater under the forest canopy was higher than in rainwater collected in the
open area (Figure 4). However, in fact, all year round, the content of inorganic nitrogen
under the forest canopy was less than in the open area. Often, in rainwater that passed
through the forest canopy (in some months), only “traces” of nitrite and ammonium were
found, which testifies in favor of their absorption by woody vegetation.

3.3. Inorganic Phosphorus

The change in the concentration of inorganic phosphorus is shown in Figure 7 (µg/L).
The content of phosphorus in rainwater was characterized by an increase in the summer. It
can be seen in the figure that in June there was a sharp increase in the content of phosphorus
up to 1157.67 µg/L. The content of phosphorus in the water collected under the forest
canopy in all months was greater than its content in water from the open area. At the
same time, the content of phosphorus in the rainwater under the forest canopy in June was
higher than in July, and the content of phosphorus in the open area in June was lower than
in July. The average concentration of inorganic phosphorus in atmospheric precipitation
was 153.23 µg/L and 117.16 µg/L in rainwater collected under the canopy and in the open
area, respectively. The average content of inorganic phosphorus in the rainwater under the
forest canopy was not much higher than in the open area.
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3.4. Dependence of the Biogenic Elements Content on Weather Conditions

Some works [30,31] studied the dependence of the content of elements on weather
conditions. The authors of the work [30] stated that the intensity of precipitation is not a
determining factor in the change in the concentration of nitrogen compounds in sediments.
Therefore, in this work we studied the dependence of the biogenic elements content on
weather conditions. The results are shown in Figure 8. The figure shows the dependence of
the concentration of inorganic nitrogen and phosphorus on the amount of precipitation, on
the relative humidity of the air, and on the wind speed during the study, from April 2021 to
January 2022.
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Figure 7. Change in the concentration of inorganic phosphorus in precipitation (µg/L).
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Figure 8. Dependence of the concentration of inorganic nitrogen and phosphorus on the amount of
precipitation, on the relative humidity of the air and on the wind speed: (a) dependence of the concentration
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of phosphorus on the amount of precipitation; (b) dependence of the concentration of inorganic
nitrogen on the amount of precipitation; (c) dependence of the concentration of phosphorus on
the relative humidity of the air; (d) dependence of the concentration of inorganic nitrogen on the
relative humidity of the air; (e) dependence of the concentration of phosphorus on the wind speed;
(f) dependence of the concentration of inorganic nitrogen on the wind speed.

During the period under consideration, a decrease in the concentration of inorganic
nitrogen was observed with an increase for precipitation. At the same time, no such depen-
dence was observed for inorganic phosphorus. An inverse dependence of the concentration
of inorganic nitrogen and phosphorus in atmospheric precipitation on the relative air hu-
midity was observed (Figure 8). The content of phosphorus increased with a decrease in
wind speed, while a dependence of the content of inorganic nitrogen on wind speed was
not observed.

4. Discussion
4.1. Acidity

Usually, under normal conditions, rainwater has a pH = 5.6–5.7 [34]. During the study
period, alkaline precipitation was observed in the examined area, with an average pH value
in the open area of 6.8 and under the forest canopy of 6.1. The decrease in the pH value can
be explained by the fact that rainwater, flowing down from the crowns of trees, washes
away and dissolves dust particles and organic and mineral substances of an acidic nature.
Thus, a relatively “alkaline” precipitation, passing through the canopy of the studied forest,
is acidified and becomes slightly acidic. Consequently, in the rainwater that had passed
through the crowns of the forest, the content of rainwater-soluble compounds of all the
considered elements in total increased significantly (Figure 3). The analysis of sediment
samples allows us to say that a weakly alkaline precipitation falls mainly on the territory of
the Karadag Reserve. This is explained by the fact that there are many limestone rocks in the
territory of the peninsula, and the processes associated with the erosion and weathering of
limestones lead to the alkalinization of sediments (CaCO3 + H2O + CO2 = Ca2++ 2HCO3

−).
This result coincides with the results of [31].

4.2. Inorganic Nitrogen

The decrease in the ammonium content can be explained by the fact that while rain-
water flows through the forest canopy, the process of ammonium oxidation occurs due to
contact with protein products and the presence of corresponding microorganisms accumu-
lated on the surface of the leaves. The low content of nitrites, apparently, is explained by the
fact that they are an intermediate product of the oxidation of ammonium to nitrates. These
results are consistent with the available data on the ratio of nitrogen species in samples of
atmospheric precipitation [35–38].

In previous works [2,33,39,40], the order of contribution of nitrogen-containing ions
was NH4

+ > NO3
− > NO2

−. In addition, in [25,31], the contribution of nitrogen-containing
ions was NO3

− > NH4
+ > NO2

−. This order is identical to our result. Moreover, the order
of contribution can be explained by differences in the characteristics of the study areas.

When comparing the open area and the area under the forest canopy, it can be seen that
the nitrogen content in the rainwater under the canopies was greater than in the rainwater
collected in the open area (Figure 4). These results correspond to the results obtained in [31].

The maximum values of nitrates were recorded both in the open area and under the
forest canopy in May 2021, which amounted to 710 µg/L and 2120 µg/L, respectively. The
maximum nitrite values were recorded in May and June 2021 in the open area (76 µg/L)
and under the forest canopy, respectively (735 µg/L). At the same time, the maximum
values of ammonium were recorded in August and July, respectively, in the open area
(570 µg/L) and under the forest canopy (474 µg/L). No simultaneous high concentrations
of all inorganic forms of nitrogen were observed in one sample. For a detailed study of the
relationships between the concentrations of nitrite ion, nitrate ion, ammonium ion, and pH
value, we calculated the Pearson correlation coefficients (Table 1).
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Table 1. Correlation coefficients for the concentrations of nitrite ion, nitrate ion, ammonium ion, and
pH value (p = 0.05, n = 10) under the forest canopy.

NO2− NO3− NH4
+ pH

NO2
− 1

NO3
− −0.22 1

NH4
+ −0.20 0.05 1

pH −0.24 −0.33 0.19 1

Tables 1 and 2 show that in the open area, all components (except NH4
+-NO3

−)
showed a proportional correlation (r > 0). At the same time, the pH strongly depended
on the NO2

− and NH4
+ ions (r = 0.51 and 0.34, respectively); pH and NO3

− were almost
independent of each other, r = 0.07, a value almost equal to 0. NO3

− and NO2
− propor-

tionally depended on each other (r = 0.34). The good correlation between nitrate and
nitrite nitrogen can be explained by the fact that they enter the atmosphere from similar
sources, as well as by the fact that they are elements of mutual transformation. At the same
time, the difference in the sources of ammonium, nitrite, and nitrate nitrogen entering the
atmosphere apparently explains the lower correlation between these elements. At the same
time, NH4

+ and NO3
− are inversely dependent on each other (r = −0.37). Under the forest

canopy, on the contrary, almost all components were inversely correlated (r < 0), except
for NH4

+ and NO3
− and pH and NH4

+. At the same time, NH4
+ and NO3

− were almost
independent of each other, with r = 0.05, a value almost equal to 0. Here, unlike in the open
area, pH and NO3

− showed an inverse relationship r (r = −0.33). This is logical, because
the acidity of rainwater depends on the concentration of nitrate ions, and the more NO3

−

in rainwater, the lower its pH value.

Table 2. Correlation coefficients between the concentrations of nitrite ion, nitrate ion, ammonium ion,
and pH value (p = 0.05, n = 10) in the open area.

NO2− NO3− NH4
+ pH

NO2
− 1

NO3
− 0.34 1

NH4
+ 0.14 −0.37 1

pH 0.51 0.07 0.34 1

4.3. Inorganic Phosphorus

Our result corresponds to the results obtained in [25,41] and is explained by the influx
of phosphorus through the products of plant metabolism. In addition, this can be explained
by the peculiarities of phosphorus migration in the biosphere, which is also associated with
the influx of mineral forms of the element together with dust particles formed during soil
and rock erosion. pH and H2PO4

− in rainwater under the forest canopy showed a weak
inverse relationship r (r= −0.18). At the same time, pH and H2PO4

− in rainwater in the
open area were almost independent of each other (r = 0.08, almost equal to 0) as shown in
Figure 9.

4.4. Dependence of the Biogenic Elements Content on Weather Conditions

The decrease in the concentration of inorganic nitrogen with an increase in precipi-
tation is explained by the effect of sample dilution. In addition, the lack of dependence
of inorganic phosphorus on the amount of precipitation can be explained by the strong
spatiotemporal variability of phosphorus sources in the atmosphere [25]. With an increase
in the relative humidity of the air, the amount of precipitation increases, and, consequently,
its content of pollutants decreases, resulting in an inverse relationship between the concen-
tration of inorganic nitrogen and phosphorus in precipitation and the relative humidity of
the air [42,43].
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As can be seen in Table 3 and Figure 8, the values of the correlation coefficients between
the series of concentrations of the considered substances in precipitation falling on the
territory of the reserve during the study period and the amount of precipitation did not
exceed the threshold for a reliable correlation. This allows us to conclude that the intensity
of precipitation is not a determining factor in the change in the concentration of inorganic
nitrogen compounds in sediments. In general, it has a slight inverse effect on the change in
nitrogen concentration. The amount of precipitation proportionally affected the change in
the concentration of phosphorus in precipitation. Relative humidity showed an inverse
relationship with respect to the change in the concentration of the various components.
Wind speed was also a determining factor in changing the concentration of phosphorus
compounds, while nitrogen had almost no effect. Phosphorus was inversely correlated
with inorganic nitrogen (Figure 10), so that as the concentration of phosphorus in rainwater
increased, the concentration of nitrogen decreased, especially the concentration of nitrate.
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Figure 9. Relationship between pH and the concentration of inorganic phosphorus in precipitation:
(a) forest; (b) open area.

Table 3. Results of the correlation analysis of time series of precipitation intensity and rainwater
concentrations of nitrogen and H2PO4

− (p = 0.05, n = 10).

H2PO4− N Amount of
Precipitation

Relative
Humidity

Wind
Speed

H2PO4
− 1

N −0.48 1
Amount of precipitation 0.22 −0.34 1

Relative humidity −0.47 −0.22 0.18 1
Wind speed −0.44 −0.09 −0.50 0.57 1
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In order to study the mutual influence of the components in rainwater in more detail,
we carried out a correlation analysis for rainwater collected under the forest canopy and in
the open area. The results of the correlation analysis are shown in Table 4.

Table 4. Results of the correlation analysis for rainwater collected in the forest and in the open area
(p = 0.05, n = 10).

Open Area

H2PO4− NO2− NO3− NH4
+

Forest

H2PO4
− 0.56 −0.18 0.01 −0.06

NO2
− 0.06 0.09 0.21 0.01

NO3
− −0.52 0.44 0.59 0.20

NH4
+ 0.15 −0.36 0.28 −0.14 1

1 Bold indicates significant correlation coefficients.

Table 4 shows that the combination of nitrogen and phosphorus in rainwater collected
under the forest canopy and in the open area were well correlated other. Phosphorus and
nitrate proportionally affected each other, so that with their increase in the concentration
in rainwater collected in the open area, an increase in their concentration in rainwater
collected under the forest canopies was observed; this was not observed for NH4

+, as
shown in Figure 11. In Figure 11, we can see that NO2

− and NH4
+ in rainwater in the open

area and in rainwater in the forest were not dependent upon each other. This may be due
to the abnormal values of their concentrations.

With an increase in the concentration of ammonium and nitrite in the open area, there
was an increase in the concentration of nitrate in rainwater under the forest canopy. This can
be explained by the fact that all these substances were converted into the final form of nitrate.
This means that while rainwater passed through the crowns of the forest, the reaction of
oxidation of ammonium and nitrite to nitrate occurred. Nitrate in the open area was not a
determining factor in changing the concentration of phosphorus under the trees. Similar
results were also observed for ammonium in the open area and phosphorus under the forest
canopy, and for phosphorus in the open area and nitrite under the canopy. At the same
time, ammonium and phosphorus showed a strong relationship: phosphorus in rainwater
in the open area proportionally affected the content of ammonium ion in rainwater under
the forest canopy, and ammonium in rainwater in the open area influenced the content
of phosphorus in rainwater under the forest canopy. An increase in the concentration of
nitrate in rainwater in the open area led to an increase in the concentration of nitrite under
the forest canopy. This is because the reduction reaction of nitrate to nitrite occurred.

Intensive processes on the surface of actively functioning trees can explain a more
intensive supply of elements in under-crown spaces, as well as the washing off of dust
from the crown, which has a high sorption capacity.

The intake of biogenic substances (inorganic nitrogen, phosphorus) with atmospheric
precipitation in the area of the Karadag Nature Reserve was determined from April 2021 to
January 2022. It was established that the main forms of nitrogen in atmospheric precipi-
tation were nitrates and ammonium. For all considered biogenic substances, an increase
in their content in the warm period of the year was observed, which is explained both by
the inverse dependence of the concentration of elements on the amount of precipitation,
and by the peculiarity of their migration and sources. There was an inverse relationship
between the concentration of inorganic nitrogen and phosphorus in precipitation and the
relative air humidity and wind speed.

The influence of oak forests on the chemical composition of precipitation was not
previously studied in the territory of the Crimean Peninsula within protected natural
areas. Therefore, our research is new. It shows previously unexplored aspects of the
functioning of the oak forests of the Karadag Nature Reserve. At the same time, we can say
that the data obtained can be representative of oak forest ecosystems within the Greater
Mediterranean, taking into account regional characteristics. It should be taken into account
that juniper, pine, beech, and hornbeam forests also grow within the Crimean Peninsula. In
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the future, it is necessary to study the influence of these forests on the chemical composition
of precipitation in order to obtain a complete picture of all the types of forest ecosystems of
the Crimean Peninsula. This would make it possible to explore the forest conditions and
provide more detailed information about the ecology of the study area.
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precipitation in the area of the Karadag Nature Reserve was determined from April 2021 
to January 2022. It was established that the main forms of nitrogen in atmospheric precip-
itation were nitrates and ammonium. For all considered biogenic substances, an increase 
in their content in the warm period of the year was observed, which is explained both by 
the inverse dependence of the concentration of elements on the amount of precipitation, 
and by the peculiarity of their migration and sources. There was an inverse relationship 
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− (a), NO3
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+ (d) in
rainwater in the open area and in the forest.

5. Conclusions

In this paper, the study of the biogenic composition of atmospheric precipitation
under the forest canopy in the territory of the Karadag Nature Reserve was carried out. It
was established that the transformation of precipitation under the forest canopy led to an
increase in the concentration of most of the determined biogenic components. We showed
that the pH of precipitation falling under the forest canopy was significantly lower than the
pH of precipitation in the open area. It was observed that rainwater pH under the forest
canopy was inversely related to the concentrations of almost all observed components,
except ammonium. At the same time, in the open field, it showed a proportional relation-
ship with the concentration of nitrogen ions. The forest canopy significantly increased
the concentrations of NO3

−, H2PO4
−, NH4

+ ions and reduced the amount of NO2
− in

precipitation. It was found that nitrate in the open area was not a determining factor in
changing the concentration of phosphorus under the forest canopy. At the same time,
ammonium and phosphorus ions were strongly linked to each other. Nitrogen ions in
the open field and under the forest canopy showed a good relationship with each other.
Edificatory plants determine the transformation of atmospheric precipitation penetrating
through the vegetation cover. It was revealed that the increase in the concentration of
biogenic elements was in accordance with the phase of plant development during the
growing season (from spring to summer and autumn).
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