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Abstract

Bulk and throughfall deposition under the canopy of the three most common Eastern Baltic region tree species —
Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. Karst.) and silver birch (Betula pendula Roth)
stands were investigated. The main aim of this study was to assess the effect of tree species on the composition of
throughfall fluxes. The highest throughfall enrichment in anions (SO, NO;, CI), was detected in the case of the largest
canopy surface area (Norway spruce), and the smallest in the case of the lowest canopy surface area (silver birch),
indicating that the enrichment is mostly linked to the wash-off of dry deposited anions accumulated on the canopy
surface. The birch canopy retained higher amounts of inorganic nitrogen compounds (especially ammonium), and lost
more base cations than the coniferous canopies. In particular, the highest leaching of K* was observed in the birch stand,
for which . K* fluxes under birch canopies were 1.6 and 2.1 times higher than in the spruce and the pine stand, respectively.
The most intense ion exchange with ammonium and hydrogen is considered as the main reason for higher potassium

leaching from birch foliage.
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Introduction

The chemical composition of rainwater is strongly
altered by the processes within the tree canopies before
the water reaches the forest floor as throughfall and may
be enriched or depleted in different ions. The precipita-
tion chemistry is modified because of two primary proc-
esses: 1) wash-off of dry deposited compounds accu-
mulated on the canopy between the rain events; 2) in-
teraction between the forest canopy and rainfall, i.e.
canopy exchange. The canopy exchange process includes
leaching of elements from internal plant tissues and
uptake of others by foliage, epiphytic flora, twigs and
branches. Consequently, the tree canopy may act as ei-
ther a sink or a source for various ions.

The intensity of rainfall modifications within the
tree canopy at the small-scale depends on forest struc-
ture (Zirlewagen and von Wilpert 2001), canopy closure
(Whelan et al. 1998, Staclens et al. 2006, Zaltauskaité
and Juknys 2007) and tree species composition (Van Ek
and Draaijers 1994, Houle et al. 1999, Berger et al. 2008).
Several studies have demonstrated a close relationship
between Leaf Area Index (LAI) of the artificial foliage
and throughfall deposition (Stachurski and Zimka 2000,
Kram 2001). Conifers are usually more efficient in cap-
turing dry deposition and cloud droplets than broad-

leaf trees because they are evergreen, the structure of
the foliage of the conifers is finer, more complex and
the needle surface area is bigger than that of the leaves
(Beckett et al. 2000, Erisman and Draaijers 2003). Dur-
ing the growing season, deciduous tree species tend
to lose more cations from the foliage through the leach-
ing process than coniferous tree species, though the
coniferous stay green all the year and continue to lose
cations during the dormant season.

Tree species may greatly influence the biogeo-
chemistry of the whole forest ecosystem. Field stud-
ies have revealed that in the coniferous stands, par-
ticularly for spruce, the ion deposition and the soil
leaching of acidifying compounds are higher than in
the deciduous (Rothe et al. 2002, De Schrijver et al.
2007). Monitoring and assessment of atmospheric
deposition is essential not only for estimating depo-
sition impact on forest ecosystems functioning, health
and productivity but also for making the necessary
decisions regarding the protection of forest ecosys-
tems (de Vries et al. 2000, Juknys et al. 2003, Augus-
taitis et al. 2010, Braun et al. 2010).

Current data sets of throughfall deposition are
dominated by coniferous forests. Much less is known
about the impact of deciduous forests on ion deposi-
tion and only limited comparisons are made between
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different tree species in similar site and climatic con-
ditions (De Schrijver et al. 2004). The majority of in-
vestigations in the deciduous were performed in beech
or in oak stands. A meta-analysis of the data from 37
case studies revealed that approximately 40 % of the
studies analysed the differences of throughfall among
Picea abies and Fagus sylvatica stands (De Schrijver
et al. 2007). The impact of silver birch on ion deposi-
tion was investigated in several cases (Bergkvist and
Folkeson 1995, De Schrijver et al. 2000, 2004, Herrmann
et al. 2006, Kram 2008, Wuyts et al. 2008). The main
aim of this study was to analyse principal ion fluxes
and their modifications by the forest canopy of the
most common tree species in Eastern Baltic region:
Scots pine, Norway spruce and silver birch.

Material and methods

The study was carried out in the urban forest
which covers 298.5 ha and is situated approximately 5
km from the centre of the second biggest Lithuanian
city — Kaunas (55°422 N, 23°522 E). The study areas
were established in three stands of the most common
Lithuanian tree species — Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies (L.) H. Karst.) and
silver birch (Betula pendula Roth). The coniferous
stands were approximately 120 years old, 25 m high
and the stand density was 260 trees ha'. The birch
stand was 75 years old, 23 m high and the stand den-
sity was 290 trees hal. It was assumed that the stands
experience equal air pollution load as they are situat-
ed in each other’s proximity (within a radius of approx-
imately 0.5 km).

The collection of bulk and throughfall precipita-
tion was performed on a monthly basis during the
growing period from April to November of 2003-2004.
Stemflow was not estimated. Bulk deposition was col-
lected with three collectors in a clearing of the forest.
In each stand, throughfall collectors were randomly
located within a 50 m x 50 m area (7, 6 and 10 collec-
tors in the pine, spruce and birch stand, respective-
ly). The collectors for bulk deposition and through-
fall were identical. They consisted of a polyethylene
funnel of 17 cm in diameter connected to a 5 1 poly-
ethylene bottle. The openings of the collectors were
30 cm above the ground surface. The storage contain-
ers were dug into the ground in order to avoid light-
induced alterations of the collected water and to keep
lower temperature.

Prior to the analysis, the samples of bulk precip-
itation were combined to provide a composite one and
throughfall samples were analyzed each separately. The
analysis was performed at the Lithuanian Institute of
Physics. The analysis of sulphate (SO,*), nitrate (NO,")

and chloride (Cl") was performed by ion chromatogra-
phy with conductivity detection (Dionex 2010i). Am-
monium (NH,") was determined spectrophotomet-
rically by indophenol blue method. Sodium (Na*), po-
tassium (K*) and calcium (Ca?") were determined by
the atomic emission method, pH was measured poten-
tiometrically. The quality of the analytical data was
checked by a cation — anion balance. The data quali-
ty is assured according to the EMEP manual for sam-
pling and chemical analysis (EMEP 1996).

Deposition fluxes were calculated as the product
of volume-weighted mean concentration and precipi-
tation volume for each collection period and sampler.
Net throughfall fluxes were calculated by subtracting
bulk deposition fluxes from throughfall fluxes. Stand
means were calculated for each collection period.

To evaluate the relative contribution of all three
processes modifying precipitation — wash-off, leach-
ing and uptake, the following presumptions based on
the findings of different investigators (Lovett and Lind-
berg 1984, Balestrini and Tagliaferri 2001, Rodrigo et
al. 2003) were used:

1. If net throughfall is positively related with
throughfall water volume, the ionic enrichment is re-
sulted by leaching of ions from plant tissue.

2. If net throughfall is independent of through-
fall water volume, the enrichment is linked to wash-
off of dry deposited compounds accumulated on the
surface of leaves (needles).

3. If net throughfall is negatively related with
throughfall water volume, decrease of ions in through-
fall is attributed to canopy uptake.

Leaf area index (LAI) was not empirically deter-
mined. Based on literary data, it was assumed to ap-
proximate 10 m?> m-? for spruce, 3-5 m> m for pine and
2-3 m> m? for birch (Kram 1998, Stachurski and Zimka
2000).

ANOVA was used to compare bulk and through-
fall deposition and to compare ion deposition under
different tree species. The differences were considered
statistically significant at p<0.05.

Results

The amount of throughfall water was significant-
ly (p < 0.05) lower than the amount of bulk precipita-
tion (Fig. 1). The highest (> 50%) interception loss was
observed in the spruce stand and the amount of
throughfall water under spruce was statistically sig-
nificantly less than under pine and birch canopies
(p<0.05). There was no statistically significant differ-
ence (p>0.05) in throughfall water amount collected
under the pine and birch canopies and the intercep-
tion loss was approximately 30%.
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Figure 1. Mean monthly amount of bulk precipitation and
throughfall water (mm month') (April — November of 2003
— 2004). Bars indicate standard error

Concentrations of principal ions in throughfall
within the studied stands were higher than in bulk
precipitation with exception of sodium and hydrogen
in the birch stand (Table 1). The differences between
the concentrations in throughfall and bulk precipita-
tion were statistically significant (p<0.05) except for
Ca*" in all stands, for NO,,, NH," in the birch stand,
H* in the pine and spruce stands and Na* in the pine
and birch stands.

Throughfall was enriched in most of the analysed
ions (Fig. 2). The enrichment varied considerably
among different stands, suggesting that throughfall
deposition strongly depends on tree species compo-

tands, respectively. Similarly, as for sulphate, the
ifference between nitrate fluxes to the floor of the
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Figure 2. Mean monthly bulk and throughfall deposition flux-
es (mg m? month') (April -November of 2003 — 2004). Bars
indicate standard error

Table 1. Volume-weighted mean

. ) . S0,-S  NO;-N CrI H? NH,-N  Na" K’ ca’ pH
concentrations (mg 1) of ions
in bulk and throughfall deposi- Bulk 0.64 0.83 0.44 3.67 0.75 0.62 0.38 0.69 5.43
tion (April — November of 2003 Throughfall
—2004) Silver birch ~ 0.96 1.22 13 127 079 043 58 078 590
Scots pine 1.16 1.38 1.99 5.71 1.31 0.71 2.92 1.05 5.24
Norway 2.02 2.26 3.79 4.58 1.57 0.65 5.45 1.20 5.34
spruce
a -1
— peql

sition. In the case of sulphate, the greatest enrichment
took place in the spruce stand, the lowest was detected
in the birch stand. Sulphate deposition in spruce ex-
ceeded that in pine by 24% and in birch by 42% (p <
0.05). The difference between SO, *-S throughfall dep-
osition in the birch and pine stands was rather incon-
siderable and amounted to 14% (p = 0.053). Through-
fall deposition of chloride was significantly higher than
bulk deposition. It was 2.1, 3.0 and 4.1 times higher
than bulk deposition under the birch, pine and spruce
canopies, respectively.

Throughfall fluxes of nitrate in the spruce stand
were 16% and 30% higher than in the pine and birch

pine and birch stands was rather small (10.6 %). The
enrichment of throughfall in NO,-N in the birch stand
was very negligible and statistically insignificant
(1.5 %). Throughfall deposition of ammonium under the
different canopies demonstrated a pattern different from
that for nitrate. The highest ammonium throughfall
deposition was observed in the pine stand and the
differences from spruce and birch amounted to 17%
and 60%, respectively. Moreover, the NH,"-N deposi-
tion under the birch canopies was 25% lower than in
the open area.

Fluxes of potassium were modified mostly pass-
ing through the canopies, though contrary to anions,
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the greatest enrichment of throughfall in K* was de-
tected in the birch stand. K* fluxes under birch cano-
pies were up to 2.0 times higher than in the pine stand
and 1.6 times higher than in the spruce stands. In
contrast, other cations (Na*, Ca**, H") did not exhibit
such a pattern: an increase in fluxes as compared to
bulk deposition was detected under pine canopy while
a decrease was observed beneath spruce and birch
canopies.

In order to get more insight into temporal variabil-
ity of fluxes to the forest floor, seasonal variability of
bulk and throughfall deposition fluxes was examined
(Fig. 3). The higher enrichment of throughfall in sulphur
was detected at the end of spring and at the end of
autumn. Seasonal variability of throughfall fluxes of
sulphur in June-November was almost identical in the
studied stands, though in spring and especially in May,
the clear differences may be observed and deposition
of sulphur under spruce canopy was considerably high-
er than that under pine and birch canopy..
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Figure 3. Seasonal trends of bulk and throughfall deposition
fluxes (mg m™ month') (April — November of 2003 — 2004)

Monthly nitrogen throughfall deposition exhibit-
ed strong seasonal patterns in all three stands, though
there were some differences between ammonium and
nitrates. Throughfall enrichment in nitrates was ob-
served within all stands during the whole growing
season with exception of April and October when re-
tention of nitrates was observed especially in the birch
stand. The highest enrichment in nitrates was detect-
ed under spruce canopy in the very end of spring and
the beginning of summer (May and June). Deposition
of nitrates under the spruce canopy were registered
to be almost two times higher than under pine and
birch canopies during this period (Fig. 3)

The throughfall fluxes of ammonium in the birch
stand were lower than in open area, indicating a net
uptake of ammonium during the June-October period.
The retention of ammonium by all canopies was record-
ed in the beginning of summer and in October, where-
as the process of wash-off of dry deposition dominat-
ed in spring and in November.

The temporal variability of througfall fluxes of base
cations and H* was rather high with the higher fluxes
in the growing season and lower ones in the dormant
season (April, November). The throughfall fluxes of
potassium clearly showed the highest values in birch
stand (p < 0.05) in comparison with coniferous. Signif-
icantly higher throughfall enrichment in potassium (p
< 0.05) under the birch canopy was in May and Octo-
ber. The coniferous in the growing season also showed
higher values of K* throughfall relative to the dormant
season (p < 0.05), though the magnitude of the enrich-
ment was not so considerable as in the birch stand.

One of the most important and complicated ques-
tions when investigating the modifications of precip-
itation in tree canopy is how to distinguish the input
of different processes. In order to evaluate the rela-
tive contribution of the main processes modifying
precipitation, the relationship between throughfall
water volume and net throughfall fluxes of investigat-
ed ions was examined (Table 2). The relationship be-
tween net throughfall of anions (SO,*, NO,, CI') and
volume of throughfall water was very weak and sta-
tistically insignificant, except for sulphate in the birch
stand and chloride in the spruce stand (Table 2). En-
richment of throughfall under canopy is mostly linked
to wash-off of dry deposited compounds accumulat-
ed on the canopy surface in the case of these com-
pounds.

Net throughfall of ammonium was negatively cor-
related with the volume of throughfall water, indicat-
ing uptake of this compound, though in the conifer-
ous stands, the relationship was statistically insignif-
icant. The strongest and statistically significant pos-
itive correlation of K* net throughfall with volume of
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;[‘aple 2. ng«?a-rman’i rank corre- SO,-S NOsN CI NH-N Na* K ca* H

t t t t

ation coetiicients between ne Silver birch 065 027 031 063 -047 043 028 030
throughfall fluxes of investigated

ions and the amount of through-  Scots pine -0.16 0.24 038 -0.30 -020 04* 029 036
fall water Norway spruce -0.11 0.38 0.50*  -0.05 -0.22  0.83* -0.22 -0.23

* _ p < 0.05

throughfall water was characteristic of all investigat-
ed stands, indicating leaching of this element. No sig-
nificant relationship was found between net through-
fall of most cations (Ca*, Na* and H*) and the vol-
ume of throughfall water.

For ions whose enrichment was mainly attributed
to wash-off of dry deposited material, in order to veri-
fy whether any canopy exchange processes occurred
during rainfall passage through the canopy, the rela-
tionship between bulk and throughfall deposition of
these elements was investigated. For SO,*-S a clear and
statistically significant correlation was found between
bulk and throughfall deposition in all investigated

stands (pine — R>=0.60, spruce—R*=0.36, birch — R?>=0.64;
p<0.05) indicating that there was no interaction with
internal tissues of plants. A close relationship was also
determined for Cl- ions (R?=0.22-0.59, p<0.05). For ni-
trate, the relationship between bulk deposition and
throughfall was not significant (p>0.05), indicating that
dry deposition was not the only process modifying the
concentration of nitrate in the deposition flux passing
through the forest canopies.

To obtain more insight into differences between
nitrogen (nitrate and ammonium) canopy interaction
mechanisms, the net throughfall of nitrate and ammo-
nium were plotted against their bulk deposition (Fig. 4).
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A close negative relationship between bulk dep-
osition and net throughfall of both oxidized and re-
duced ions of nitrogen was detected in the birch and
pine stands, suggesting that uptake of these ions in-
creases along with increasing fluxes of nitrate and
ammonium in bulk precipitation. In the spruce stand,
the correlation between bulk and net throughfall flux-
es of nitrate was not significant (p>0.05), while for
ammonium, the negative relationship was stronger and
significant. High leaf area may lead to higher load of
dry deposition and it may mask the canopy uptake. In
all stands the net throughfall of nitrate correlated less
to bulk deposition than ammonium did and the data
were more scattered. This suggests that ions of am-
monium are more available for uptake than nitrate ions,
though the wash-off of dry deposited ammonium was
the prevailing process during the interaction with pine
and spruce canopy (Fig. 3-4, Table 2).

A statistically significant positive correlation of
K* net throughfall with volume of throughfall water
was characteristic of all investigated sites (Table 2)
confirming that leaching of K* prevails during the in-
teraction of rainfall with tree canopy. To explain the
differences in K* leaching extent among the analyzed
species, a correlation analysis was conducted to de-
tect the canopy leaching dependency on net through-
fall of ammonium, hydrogen and throughfall of single
anions and the sum of anions (sulphate + nitrate +
chloride) (Table 3).

Discussion

Evaporation from leaf surface and canopy uptake
cause interception losses and reduced throughfall
water amount as compared to bulk precipitation. Usu-
ally higher interception losses are reported for conif-
erous stands (Van Ek and Draaijers 1994, Houle et al.
1999, De Schrijver et al. 2004). According to our study
the average interception losses in the spruce stand
were 50 % and approximately 30 % in the pine and
birch stands. Evidently, interception loss might be more
dependent on leaf area than on tree species or their
being coniferous or deciduous.

It was observed that sulphate and chloride
throughfall deposition increased along with the in-
crease of tree leaf area (Fig. 2). A higher leaf (needle)
surface area represents a higher surface for dry mate-
rial deposition and a longer contact between water and
foliage. Generally, forest canopies are considered as
inert surfaces for sulphur and chloride and the enrich-
ment of throughfall in these ions is mostly linked to
the wash-off of dry deposited material. The correla-
tion between net throughfall of SO,*-S and volume of
throughfall water was very weak and statistically in-
significant (Table 2) in coniferous stands, indicating
that enrichment of throughfall in sulphate could be
attributed to dry deposition. It was also proved by the
same seasonal variability of bulk and throughfall fluxes
in studied stands (Fig. 3). Higher LAI of pine and

Table 3. Spearman’s rank cor- Anions (SO,* -
relation coefficients between + + 2 - . .

net throughfall of potassium H NH:-N SO:-S NOs-N c S+ NOs-N+
(K" and net throughfall of H*, cn
NH[—N, throughfall of single Silver birch -0.33* -0.27* 0.39* 0.09 0.56* 0.39*
anions (SO,*-S, NO," -N, CI) Scots pine 010  -0.20* 0.42* 0.18 0.74* 0.57*
and the sum of anions (SO42--S Norwa 0.12 0.09 0.64* 0.62* 0.78* 0.76*
+NO, N + CI) y spruce . . . . . .

*—p<0.05

Net throughfall of K* significantly positively cor-
related with the total amount of anions in throughfall
under all studied canopies. The strongest relationship
between anions input and K* leaching was detected
for spruce, the medium — for pine and in the case of
birch, the relationship was relatively weak. Calculat-
ed negative relationships between net throughfall of
K* and net throughfall of H* and NH,*-N were rela-
tively weak but statistically significant under the birch
canopy, although in the coniferous stands (except for
NH,*-N in pine) there were no significant relationships
as no canopy uptake of ammonium and hydrogen was
observed.

especially of spruce resulted in higher amount of dry
deposited sulphur compounds compared to birch. A
higher sulphur load under coniferous canopies in com-
parison with deciduous stands was observed during
the studies in various forest ecosystems (Van Ek and
Draaijers, 1994, Bini and Bresolin 1998, Houle et al.
1999). Moreover, in spruce stands sulphur fluxes are
usually higher than in pine ones (Raben et al. 2000,
Pajuste et al. 2006). For the birch stand, a significant
negative relationship between the volume of through-
fall water and net throughfall of sulphate indicates that
sulphate might be retained by the birch canopy. How-
ever, the positive net throughfall shows that dry sul-
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phur deposition compensates the negligible uptake. It
is generally accepted that sulphates in throughfall are
derived only from atmospheric deposition, i.e. rainfall
deposition, dry deposition of gaseous SO, and parti-
culate SO,*. Experiments with sulphur isotopes show-
ed that foliar leaching of sulphur has a minor contri-
bution to the enrichment of throughfall in SO, and
that it could be ignored (Garten et al. 1988, Cape et al.
1992, Veltkamp and Wyers 1997).

The enrichment of throughfall in chloride in pine
and birch stands is linked to dry deposition as well.
The significant positive relationship between the net
throughfall of Cl" and throughfall water amount in the
spruce stand suggests possible canopy leaching. Gen-
erally, the increase of CI' in throughfall is attributed
to wash-off of dry deposition and the canopy leach-
ing computed for CI is regarded as deposition of gas-
eous HCI (Draaijers et al. 1994). However, several stud-
ies suggested the possible canopy leaching of Cl" from
senescent tree leaves (Houle et al. 1999, Staelens et
al. 2007).

Our results lead to a presumption that in the case
of conservative elements, such as S, Cl, throughfall
enrichment is mostly dependent on physical (deposi-
tion area on canopy surface) rather than physiological
properties of trees; and throughfall fluxes within the
different forest types to a large extent may be explained
by the leaf area index of the dominant tree species.

According to our investigations, modifications of
oxidised and reduced forms of nitrogen passing through
the canopy differ essentially. The pattern of nitrate
modifications is similar to that of conservative elements
(S and Cl) and an increase in fluxes of this compound
along with an increase in leaf area can be noted. A pre-
sumption can be made that in the case of nitrate, wash-
off is a prevailing process of rainfall modifications. A
weak and insignificant correlation between the through-
fall water amount and net throughfall of nitrate in stud-
ied stands confirms this presumption (Table 2). The
analysis of the relationship between bulk and net
throughfall of nitrate revealed that canopy uptake could
also have occurred (Fig. 4), but this might have been
obscured by relatively high dry deposition, especially
in the spruce stand with high LAI. The same sugges-
tion was made by De Schrijver et al. (2007), after re-
view of 38 case studies in monitoring and evaluation
of atmospheric deposition. As the retention of nitrates
was observed at the moments of leaf sprounting (April)
or leaf senescence (October) (Fig. 3), it may be linked
to nitrates uptake by the twigs and stems (Brumme et
al. 1992, Eilers et al. 1992).

Fluxes of NH,*-N under birch canopy were signif-
icantly lower than that in the open area (Fig. 2-3),
suggesting the prevailing of uptake process in rain-

fall modification by trees canopies, which was con-
firmed by the significant negative relationship between
throughfall water amount and net throughfall (Table
2). In contrast, in coniferous stands, slight enrichment
of throughfall in ammonium ions was detected. The
closest negative relationship between bulk deposition
and net throughfall of ammonium was characteristic
namely of the birch stand (Fig. 4), suggesting that the
uptake of NH,"-N increases along with increasing flux-
es of ammonium in bulk deposition. In coniferous
stands, the negative correlation between bulk and net
throughfall fluxes of ammonium was weaker. It was
weakest in the spruce stand, suggesting that high LAI
may lead to high load of dry deposition and may mask
the canopy uptake. The wash-off of dry deposited
ammonium was the prevailing process during the in-
teraction with spruce canopy (Fig. 4, Table 2).

It was observed that the tree canopies assimilat-
ed NH,"-N ions to a greater extent than NO,-N ions
and key differences were detected for the birch cano-
py (Figs. 3-4, Table 2). This phenomenon was record-
ed for deciduous and coniferous species in several
experiments and field studies (Garten and Hanson 1990,
Brumme et al. 1992, Wilson and Tiley 1998, Cape et al.
2001). It can be explained by the canopy ability to
absorb ammonium from two different sources, from
gaseous-aerosol and from rain-water input, whereas
nitrate is absorbed mainly from gaseous-aerosol input
and uptake from rain-water if negligible (Lindberg et
al. 1987; Stachurski and Zimka 2002). Moreover, a neg-
ative charge of a cuticle surface is more favourable to
absorb cations and repel anions (Riederer 1989). Due
to a thinner cuticle and a higher wettability of leaves,
deciduous trees absorb nitrogen more effectively than
conifers (Bini and Bresolin 1998, De Schrijver et al.
2004), though a higher retention capacity is charac-
teristic of coniferous stands (Brumme et al. 1992, Eil-
ers et al. 1992). A conclusion could be drawn that the
interaction of nitrogen with tree foliage is very com-
plicated and the intensity of nitrogen deposition can-
not be attributed simply to the amount of precipita-
tion or LAIL. Due to various deposition and canopy
processes and their temporal variability, the data of
nitrogen deposition monitoring must be treated with
special care.

The greatest enrichment of throughfall in K* was
detected in the birch stand where input with through-
fall was almost 7 times higher than in bulk deposition.
The highest canopy leaching of K' from the birch
canopy could be explained as a consequence of phy-
siological differences between the deciduous and the
coniferous species. The deciduous trees are more
susceptible to canopy leaching because of a thinner
cuticle. Moreover, the major pools of K* are held in
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apoplast and K* is not so tightly bound in structural
tissues on enzyme complexes as other cations. Van Ek
and Draaijers (1994), Houle et al. (1999), De Schrijver
et al. (2004) and Herrmann et al. (2006) also found that
deciduous canopies lost significantly more K* than co-
niferous ones. Particularly high throughfall enrichment
in K" in birch stand was recorded during the leaf emer-
gence (May) and senescence (October) (Fig. 3). Higher
leaching capacities of K" during leaf emergence and
senescence by comparison with the fully leafed peri-
od have also been reported by several authors for
different deciduous tree species (André et al. 2008,
Draaijers et al. 1992, Houle et al. 1999, Van Ek, Draai-
jers 1994).

Leaching of K* depends on deposition of anions
(SO,” + NO, + CI') with throughfall (Juknys et al.
2007). In the birch stand, the fluxes of anions were 20
% and 37 % lower than in the pine and spruce stands,
respectively. The regression analysis showed that in
the birch stand, the relationship between input of
anions and net throughfall of K* was the weakest (Ta-
ble 3). So, the highest leaching of K* from the birch
canopy cannot be attributed to the different load of
anions and it may be presumed that the higher leach-
ing rate from the deciduous canopy could be explained
by the exchange reactions with other cations — H" and
NH,". The negative relationships (p<0.05) between net
throughfall of K* and net throughfall of H* and NH,"
support this presumption (Table 3). A rather weak, yet
statistically significant relationship between K* leach-
ing and retention of H' and NH," intensity was report-
ed by Langusch et al. (2003). Conclusion can be drawn
that higher leaching of K* from birch canopies could
be attributed to more intense ion exchange with H" and
NH,". Physiological characteristics, i.e. a thinner cuti-
cle and higher nutrients concentrations in birch leaves
compared to pine or spruce needles could be consid-
ered as an additional reason for more intensive leach-
ing of K* from birch canopy (Johansson 1995).

Summing-up the behaviour of the investigated
ions, it was revealed that the deciduous trees exhibit
more intense canopy exchange processes than the
coniferous. In the birch stand higher retention of ni-
trogen and hydrogen leading to more intense canopy
leaching of potassium was observed in comparison
with the pine and spruce stands.

Conclusions

Essential differences between ion fluxes and their
modifications in the stands of different species were
detected. The highest throughfall enrichment in ani-
ons (SO >, NO,, CI) especially in the end of spring
very beginning of summer (May and June), was found

in the case of the largest canopy surface area (Nor-
way spruce), and the smallest — in the case of the
lowest canopy surface area (silver birch), indicating
that the enrichment is mostly linked to wash-off of dry
deposited anions accumulated on the canopy surface.

When the net throughfall intensity is determined
by canopy exchange rates (K*) or by both processes
— wash-off of dry deposition and canopy exchange (N)
— one of the main factors determining the tree species
impact on net throughfall is physiological tree char-
acteristics. The most intense canopy exchange proc-
esses were detected in the birch stand. Birch canopy
absorbed higher amounts of nitrogen compounds (es-
pecially ammonium), and lost much more potassium
cations than the coniferous trees. The most intense
ion exchange with ammonium and hydrogen is consid-
ered as the main reason for higher potassium leach-
ing from birch foliage.

Acknowledgements

The authors wish to thank the Lithuanian State
Science and Study Foundation, which has funded the
research described in this article. Special thanks to
Dalia Jasineviciené for time-consuming laboratory
analysis and her useful consultations.

References

Augustaitis, A., §0pauskiené, D. and Bauziené, I. 2010.
Direct and indirect effects of regional air pollution on
tree crown defoliation. Baltic Forestry 16 (1): 23-34.

Balestrini, R. And Tagliaferri, A. 2001. Atmospheric dep-
osition and canopy exchange processes in alpine forest
ecosystems (Northern Italy). Atmospheric Environment
35: 6421-6433.

Beckett, K.P., Freer-Smith, P.H. and Taylor, G. 2000.
Particulate pollution capture by urban tress: effect of
species and windspeed. Global Change Biology 6: 995-
1003.

Berger, T.W., Untersteiner, H., Schume, H. and Jost, G.
2008. Throughfall fluxes in a secondary spruce (Picea
abies), a beech (Fagus sylvatica) and a mixed spruce-beech
stand. Forest Ecology and Management 255: 605-618.

Bergkvist, B. and Folkeson, L. 1995. The influence of tree
species on acid deposition, proton budgets and element
fluxes in south Swedish forest ecosystems. Ecological
Bulletins 44: 90-99.

Bini, C. and Bresolin, F. 1998. Soil acidification by acid
rain in forest ecosystems: A case study in northern Italy.
The Science of the Total Environment 222: 1-15.

Braun, S., Thomas, V.ED., Quiring, R. and Fliickiger, W.
2010. Does nitrogen deposition increase forest produc-
tion? The role of phosphorous. Environmental pollution
158: 2043-2052.

Brumme, R., Leimcke, U. and Matzner, E. 1992. Intercep-
tion and uptake of NH, and NO, from wet deposition by
above-ground parts of young beech (Fagus sylvatica L.)
trees. Plant and Soil 142: 273-279.

I 2011, Vol. 17, No. 2 (33) I (SSN 1392-1355 [

186



BALTIC FORESTRY

I COMPARISON OF PRINCIPAL ION FLUXES AND THEIR MODIFICATIONS /.../ INEEEEEN J. ZALTAUSKAITE, R. JUKNYS I

Cape, J.N., Dunster, A., Crossley, A., Sheppard, L.J. and
Harvey, F.J. 2001. Throughfall chemistry in a Sitka
spruce plantation in response to six different simulated
polluted mist treatments. Water, Air, and Soil Pollution

130: 619-624.
Cape, J.N., Sheppard, L.J., Fowler, D., Harrison, A.F,
Parkinson, J.A. and Dao, P. 1992. Contribution of

canopy leaching to sulphate deposition in a Scots pine
forest. Environmental Pollution 75: 229-236.

De Schrijver, A., Geudens, G., Augusto, L., Staelens, J.,
Mertens, J., Wuyts, Gielis, L. and Verheyen, K.
2007. The effect of forest type on throughfall deposi-
tion and seepage flux: a review. Oecologia 153: 663-574.

De Schrijver, A., Nachtergale, L., Staelens, J., Luyssaert,
S. and De Keersmaeker, L. 2004. Comparison of
throughfall and soil solution chemistry between a high-
density Corsican pine stand and a naturally generated sil-
ver birch stand. Environmental Pollution 131: 93-105.

De Schrijver, A., Van Hoydonck, G., Nachtergale, L., De
Keersmaeker, L., Mussche, S. and Lust, N. 2000.
Comparison of nitrate leaching under silver birch (Betu-
la pendula) and Corsican pine (Pinus nigra ssp. laricio)
in Flanders (Belgium). Water, Air, and Soil Pollution 122:
77-91.

De Vries, W., Reinds, G.J., Klap, J.M., Van Leeuwen, E.
and Erisman, J.W. 2000. Effects of environmental stress
on forest crown condition in Europe. Part III: Estima-
tion of critical deposition and concentration levels and
their exceedances. Water, Air, and Soil Pollution 119: 363—

386.
Draaijers, G.P.J., Erisman, J.W, Van Leeuwen, N.M.F.,
Romer, F.G., Te Winkel, B.H., Vermeulen, A.T.,

Wyers, G.P. and Hansen, K. 1994. A comparison of
methods to estimate canopy exchange at the Speulder
forest. National Institute of Public Health and Environ-
mental Protection. Report No. 722108004. The Nether-
lands: Bilhoven. P. 78.

Eilers, G., Brumme, R. and Matzner, E. 1992. Above-ground
N-uptake from wet deposition by Norway spruce (Picea
abies karst.). Forest Ecology and Management 51: 239-
249.

EMEP/CCC — Report 1/95. 1996. EMEP manual for sampling
and chemical analysis. Norway.

Erisman, J.W. and Draaijers, G. 2003. Deposition to for-
ests in Europe: most important factors influencing dry
deposition and models used for generalization. Environ-
mental Pollution 124: 379-388.

Garten, Jr.C.T. and Hanson, P.J. 1990. Foliar retention of
"N-nitrate and "“N-ammonium by red maple (dAcer ru-
brum) and white oak (Quercus alba) leaves from simu-
lated rain. Environmental and Experimental Botany 30:
333-342.

Garten, Jr.C.T., Bondietti, E.A. and Lomax, R.D. 1988.
Contribution of foliar leaching and dry deposition to sul-
fate in net throughfall below deciduous trees. Atmospher-
ic Environment 22: 1425-1432.

Herrmann, M., Pust, J. and Pott, R. 2006. The chemical com-
position of throughfall beneath oak, birch and pine canopies
in Northwest Germany. Plant Ecology 184: 273-285.

Houle, D., Ouimet, R., Paquin, R. and Laflamme, J.-G.
1999. Interactions of atmospheric deposition with a
mixed hardwood and a coniferous forest canopy at the
Lake Clair Watershed (Duchesnay, Quebec). Canadian
Journal of Forest Research 29: 1944-1957.

Johansson, M.-B. 1995. The chemical composition of nee-
dle and leaf litter from Scots pine, Norway spruce and
white birch in Scandinavian forests. Forestry 68: 49—62.

Juknys, R., Vencloviene, J., Stravinskiene, V., Augus-
taitis, A. and Bartkevicius, E. 2003. Scots pine (Pinus
sylvestris L.) growth and condition in a polluted environ-
ment: from decline to recovery. Environmental Pollution,
125: 205-212.

Juknys, R., Zaltauskaite, J. and Stakenas, V. 2007. Ion
fluxes with bulk and throughfall deposition along an ur-
ban-suburban-rural gradient. Water, Air, and Soil Pollution
178: 363-372.

Kram, K. 1998. Influence of species composition and forest age
on leaf area index. Polish Journal of Ecology 46: 75-88.

Kram, K. 2001. Influence of leaf area on atmospheric input
of elements to the ecosystems of the Kampinos Nation-
al Park (Central Poland). Polish Journal of Ecology 49:
327-337.

Kram, K. 2008. Nitrogen deposition and flux through birch
stands (Betula pubescens Ehrh.) in the Kampinos national
park (Central Poland). Polish Journal of Ecology 56: 605-
612.

Langusch, J.J., Borken, W., Armbruster, M., Dise, N.B.
and Matzner, E. 2003. Canopy leaching of cations in
Central European forest ecosystems — a regional assess-
ment. Journal of Plant Nutrition and Soil Science 166:
168-174.

Lindberg, S.E., Lovett, G.M. and Meiwes, K.-J. 1987. Dep-
osition and forest canopy interactions of airborne nitrate.
In T.C. Hutchinson, & K.M. Meema (Eds.), Effects of
Atmospheric Pollutants on Forests, Wetlands and Agri-
cultural Ecosystems. (Vol.16, p. 117-130). NATO ASI
Series.

Lovett, G.M. and Lindberg, S.E. 1984. Dry deposition and
canopy exchange in a mixed oak forest as determined by
analysis of throughfall. Journal of Applied Ecology 21:
1013-1027.

Pajuste, K., Frey, J. and Asi, E. 2006. Interactions of at-
mospheric deposition with coniferous canopies in Esto-
nia. Environmental Monitoring and Assessment 112: 177—
196.

Raben, G., Andreae, H. and Meyer-Heisig, M. 2000. Long-
term acid load and its consequences in forest ecosystems
of Saxony (Germany). Water, Air, and Soil Pollution 122:
93-103.

Riederer, M. 1989. The cuticles of conifers: structure, com-
position and transport properties. In E.D. Schulze, O.L.
Lange & R.J. Oren (Eds.), Forest decline and air pollu-
tion. A study of spruce on acids soils. Ecological studies
77: 157-188.

Rodrigo, A., Avila, A. and Roda, F. 2003. The chemistry of
precipitation, throughfall and stemflow in two holm oak
(Quercus Ilex L.) forests under a contrasted pollution
environment in NE Spain. The Science of the Total Envi-
ronment 305: 195-205.

Rothe, A., Huber, C., Kreutzer, K. and Weis, W. 2002.
Deposition and soil leaching in stands of Norway spruce
and European beech: Results from the Hoglwald research
in comparison with other European case studies. Plant
and Soil 240: 33-45.

Stachurski, A. and Zimka, J.R. 2000. Atmospheric input
of elements to forest ecosystems: a method of estima-
tion using artificial foliage placed above rain collectors.
Environmental Pollution 110: 345-356.

Stachurski, A. and Zimka, J.R. 2002. Atmospheric deposi-
tion and ionic interactions within a beech canopy in the
Karkonosze Mountains. Environmental Pollution 118:
75-87.

Staelens, J., De Schrijver, A., Verheyen, K. and Verhoest,
N.E.C. 2006. Spatial variability and temporal stability of

I 2011, Vol. 17, No. 2 (33) I (SSN 1392-1355

187



BALTIC FORESTRY

I COMPARISON OF PRINCIPAL ION FLUXES AND THEIR MODIFICATIONS /.../ INEEEEEN J. ZALTAUSKAITE, R. JUKNYS I

throughfall deposition under beech (Fagus sylvatica L.)
in relationship to canopy structure. Environmental Pol-
lution 142: 254-263.

Staelens, J., De Schrijver, A. and Verheyen K. 2007. Sea-
sonal variation in throughfall and stemflow chemistry
beneath a European beech (Fagus sylvatica L.) tree in
relation to canopy phenology. Canadian Journal of For-
est Research 37: 1359-1372.

Van EKk, R. and Draaijers, G.P.J. 1994. Estimates of atmos-
pheric deposition and canopy exchange for three com-
mon tree species in the Netherlands. Water, Air, and Soil
Pollution 73: 61-82.

Veltkamp, A.C. and Wyers, G.P. 1997. The contribution of
root — derived sulphur to sulphate in throughfall in a
Douglas fir forest. Atmospheric Environment 32: 1385-—
1391.

Whelan, M.J., Sanger, L.J., Baker, M. and Anderson, J.M.
1998. Spatial patterns of throughfall and mineral ion
deposition in a lowland Norway spruce (Picea abies) plan-
tation at the plot scale. Atmospheric Environment 32:
3493-3501.

Wilson, E.J. and Tiley, C. 1998. Foliar uptake of wet-de-
posited nitrogen by Norway spruce: an experiment using
5N. Atmospheric Environment 32: 513 - 518.

Wuyts, K., De Schrijver A., Staelens, J., Gielis, L. and
Vandenbruwane, J. 2008. Comparison of forest edge
effects on throughfall deposition in different forest types.
Environmental pollution 156: 854-861.

Zaltauskaité, J. and Juknys, R. 2007. Atmospheric deposi-
tion and canopy interactions in urban Scots pine forest.
Baltic Forestry 13(1): 68-73.

Zirlewagen, D. and von Wilpert, K. 2001. Modeling water
and ion fluxes in a highly structured mixed-species stand.
Forest Ecology and Management 143: 27-37.

Received 23 February 2011
Accepted 16 November 2011

CPABHEHUE ATMOC®EPHBIX BBINMAJIJEHUH OCHOBHBIX MOHOB W HUX
MOIUPUKALINI B JIPEBOCTOSX PAIMYHBIX JIPEBECHBIX ITOPO]]

0. Kanrayckaiite, P. FOxHuc

Pezome

HccnenoBanust atMocepHBIX BBIMAJCHUAX OBUIM MPOBEAEHBI B OTKPHITOH MECTHOCTH W MHOJ HOJOroM Hauboiee
pacnpocTpanéHHBIX B BocTounom bantuiickom pernone qpeBecHBIX OPOJ — COCHBI (Pinus sylvestris L.), emu (Picea abies (L.)
H. Karst.) u 6epésnl (Betula Pendula Roth). OCHOBHOI 1IeNbI0 JaHHOTO HCCIENOBaHUSA OBIJIO CpaBHEHHE KOJIHMUYECTBO U
XMMHYECKOr0 COCTaBa arMOC(EPHBIX BBIMAACHHUH MO MOJOIOM pa3luYHBIX JpeBecHbIX mopoa. Hambonee cymiectBenHOe
oboramenue anuonamu (SO,>, NO,, CI") 6bLIO yCTaHOBIEHO MO TONOTOM €], KOTOPBIH OTINYaeTcs Haubomnbei
MOBEPXHOCTEIO JINCTHEB (XBOM) M HA000POT — HaMMCEHbIIee 00OTalieHne XapaKTepPHO BBHIMAJCHUSIM IO MOJIOroM Oepéssl,
KOTOPBIH OTIMYaeTCs HaMMEHbIIEH MOBEPXHOCTHIO JINCTHEB. B monore Oepé3rl ycTaHOBICHO HanOombIas abcopOmus
HEOPraHM4eCKHX COSMHEHHH a30Ta, 0COOCHHO HOHOB aMMOHWS, ¥ OOJIbIIIEE IO CPABHEHUIO C XBOMHBIMY BHIMBIBAHHS KATHOHOB.
BrimbiBanne K* u3 mosora 6epéssl 06110 1.8 pasza Gosnee HHTEHCHBHO YeM W3 IOJIOTa €1d U 2.6 pa3a MHTCHCHBHEE YeM U3
nosiora cocHbl. boniee MHTEHCHBHBIH 0OMEH MeKly HOHAMH BOJOPO/IA M aMMOHHS TPAaKTHPYETCsl KaKk OCHOBHAs PHYKHA Oojee
MHTCHCHBHOTO BHIMBIBAHHSI HOHOB KaJIUs M3 JINCTBBI OEPE3HI.

KuroueBble cjioBa: aTMoc(epHble BBINAJCHHS, CyXUe BBINAJCHNUS, BEIMBIBAHHE, BBINAICHUS O] KPOHOH JEPEBHEB,

JIPEBECHBIC TIOPOJIBI, aOCOPOIIHS.
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