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Abstract: The effect of canopy phenology on major ion fluxes beneath a mature European beech (Fagus sylvatica L.) tree 
is examined. Annual and seasonal ion fluxes to the forest floor were significantly higher than the incoming wet-only deposi- 
tion for all ions measured other than H+. The annual throughfall to wet deposition ratio generally ranged from 2.1 to 4.8. 
Stemflow contributed 9%–19% of the ion input to the forest floor, except for H+. Throughfall enrichment of K+, Ca2+, Mg2+, – was significantly higher in the leafed than in the leafless season, in contrast to Na+, NH , and H . The temporal 
and NO3 4+ + 
pattern of ion enrichment indicated canopy release of K+, Ca2+, and Mg2+ throughout the leafed season, of Na+, Cl–, and 
NH4+ from emerging leaves, and of Cl– and SO42– from senescing leaves. The contribution of canopy leaching to annual net 
throughfall and stemflow was estimated at 96% (K+), 54% (Ca2+), 40% (Mg2+), 12% (Cl–), and 7% (Na+, SO42–). Dry depo- 
sition accounted for 58%–75% of the total deposition onto the canopy. The throughfall enrichment during the leafless 
season indicated high particulate and gaseous dry deposition onto the woody canopy as well as K+  release from Euro- 
pean beech branches. 

Résumé : Les effets de la phénologie de la canopée sur le flux des principaux ions sous un hêtre (Fagus sylvatica L.) ma- 
ture sont examinés. Pour tous les ions mesurés autres que H+, les flux annuel et saisonnier d’ions vers le parterre forestier 
étaient significativement plus élevés que les seuls dépôts humides. Les valeurs du rapport entre la quantité de précipitation 
au sol et les dépôts humides variaient généralement de 2,1 à 4,8. L’écoulement le long du tronc représentait 9 à 19 % de 
l’apport en ions au parterre forestier, sauf pour H+. L’enrichissement des précipitations au sol en K+, Ca2+, Mg2+ et NO3– 

au cours de la saison avec du feuillage était significativement plus élevé qu’au cours de la saison sans feuillage, mais pas 
dans le cas de Na+, NH4+  et H+. Le patron temporel d’enrichissement en ions indique que K+, Ca2+, Mg2+ sont libérés tout 
au long de la saison avec du feuillage, que Na+, Cl– et NH + sont libérés lorsque les feuilles émergent et que Cl– et SO 2– 

sont libérés lorsque les feuilles sont sénescentes. La contribution du lessivage de la canopée aux valeurs annuelles nettes 
de précipitation au sol et d’écoulement le long du tronc a été estimée à 96 % (K+), 54 % (Ca2+), 40 % (Mg2+), 12 % (Cl–) 
et 7 % (Na+, SO42–). La contribution des dépôts secs à l’ensemble des dépôts (humide et sec) sur la canopée variait de 58 
à 75 %. L’enrichissement des précipitations au sol pendant la saison sans feuillage indique qu’il y a d’importants dépôts 
secs sous forme de gaz et de particules sur la canopée et que les branches du hêtre libèrent du K+. 

[Traduit par la Rédaction] 

 
Introduction 

Throughfall (TF) water can contribute large amounts of 
nutrients to forest floors (Parker 1983) and may have some 
control of the acid–base status of the soil by altering incom- 
ing precipitation (Bélanger et al. 2004). Furthermore, TF ion 
deposition is often used for estimating total atmospheric in- 
put to forests, to assess potential effects of air pollution on 
the diversity and function of forest ecosystems (de Vries et 
al. 2003). Interpreting TF measurements in nutrient-cycling 
and atmospheric-deposition studies requires a distinction be- 
tween in-canopy sources and atmospheric input of chemical 
compounds, since both wash-off of dry deposition (DD) and 
ion-exchange processes contribute to the modified ion com- 
position of the water flowing through a forest canopy 
(Lovett and Lindberg 1984). DD is the direct deposition of 
particles and gases from the atmosphere onto the vegetation 

without the involvement of precipitation or fog droplets 
(Andersen and Hovmand 1999). Canopy exchange (CE) 
comprises passive ion diffusion and (or) exchange between 
the water layer covering canopy tissues and the underlying 
apoplast, as well as the uptake of gases through stomata 
(Draaijers et al. 1997). 

The contribution of DD and CE to TF enrichment is ion- 
specific. CE of Na+ and Cl– is generally considered to be 
negligible (Draaijers et al. 1997) and Na+ and Cl– enrich- 
ment of TF compared with that of precipitation is attributed 
to the washing off of DD only. Likewise, S concentration is 
usually assumed to be conservative in the canopy, as stoma- 
tal uptake of SO2 is thought to be balanced by canopy leach- 
ing (CL) of SO42– to TF (Butler and Likens 1995; Kovácks 
and Horváth 2004). For N, in contrast, significant canopy 
uptake  (CU)  and  assimilation  of  gaseous  compounds  and 
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dissolved NH + and NO3– have been reported (Boyce et al. SF chemistry, and (iii) to estimate ion exchange within the 
1996; Gessler et al. 2000; Harrison et al. 2000). Ca2+, Mg2+, 
and K+ are known to be leached from vegetative surfaces, 
and this leaching has been partly attributed to the retention 
of H+ (Cronan and Reiners 1983) and NH4+ (Roelofs et al. 
1985) in the canopy by ion-exchange reactions (Stachurski 
and Zimka 2002). 

Both DD and CE processes are influenced by a large 
number of variables and can vary  significantly  in  space 
and time (Lovett et al. 1996; Morris et al. 2003). The DD 
of gases and particles from the atmosphere to a receptor 
surface is governed by air concentration and by turbulent 
transport processes in the aerodynamic boundary layer, as 
well as by the chemical and physical nature of the deposit- 
ing compound and the capability of the surface to capture 
gases and particles (Erisman and Draaijers 2003). Conse- 
quently, the amount of DD at a given time and place de- 
pends on (i) meteorological factors such as wind speed and 
air humidity, (ii) the strength and proximity of emission 
sources, and (iii) vegetation characteristics that affect sur- 
face roughness such as tree species, tree height, and leaf- 
area index (Lovett et al. 1996; Andersen and Hovmand 
1999). Precipitation characteristics influencing CE  include 
the composition and acidity of precipitation (Schaefer et al. 
1988; Hansen 1996; Lovett et al. 1996), and precipitation 
amount (Potter et al. 1991; Lovett et al. 1996), duration 
(Reiners and Olson 1984), and intensity (Hansen et al. 
1994). Furthermore, CE is affected by the quantity of freely 
exchangeable ions in the canopy, which depends on tree 
species, tree age, the nutrient status of the forest  (Parker 
1983; Houle et al. 1999), canopy leaf area (Lovett et al. 
1989), and the physiological state of the vegetation (Morris 
et al. 2003). 

deciduous canopy during each phenological canopy phase. 
 
Materials and methods 
Study site 

The Aelmoeseneie forest (50858’N, 3849’E, 16 m a.s.l) is 
a mixed deciduous forest with a total area of 28 ha located 
near Ghent in the north of Belgium, approximately 60 km 
from the North Sea. Mean annual precipitation (1980–2002) 
is 755 mm and distributed equally over the year, and mean 
annual temperature is 10.2 8C. The study tree is located in a 
85-year-old forest stand dominated by pedunculate oak 
(Quercus robur L.) and European beech. In 1997, stand den- 
sity was 345 trees·ha–1, mean canopy height was 27 m, and 
pedunculate oak and European beech represented 49% and 
27% of the total basal area of 26.6 m2·ha–1, respectively. 
The understory consists of rowan (Sorbus aucuparia L.), ha- 
zel (Corylus avellana L.), and sycamore maple (Acer pseu- 
doplatanus L.). Maximum leaf-area index during the 1996 
growing season was 5.5 (Mussche et al. 2001). The forest 
soil has developed from a quaternary layer of sand loam 
(0.5–1 m) on a shallow impermeable clay and sand complex 
of tertiary origin (Gleyic Cambisol, United  Nations  Food 
and Agriculture Organization classification).  The  forest 
stand contains a level-II observation plot of the European 
network program for intensive monitoring of forest ecosys- 
tems (International Cooperative Programme on Forests), and 
TF and SF water have been measured since 1994. The re- 
gion is characterized by relatively high SO42–, NO3–, and sea-
salt deposition. In the level-II plot, the mean annual ion 
depositions to the forest floor between 1994 and 2002 were 
1.55 (NH4+), 0.62 (NO3–), 1.76 (SO42–), 1.10 (Na+), and 1.25 

Because  several  of  these  factors  act  at  relatively  large (Cl–) kmolc·ha –1 year–1 (G. Genouw, unpublished data). 
scales, the spatiotemporal variability of TF deposition at the 
plot scale can be expected to depend mostly on atmospheric 
conditions, precipitation characteristics, and local canopy 
structure. With respect to the spatial heterogeneity of TF 
within forest stands, previous research indicates that the in- 
put of water and nutrients to the forest floor may be related 
to the local canopy and branch structure (Beier et al. 1993; 
Hamburg and Lin 1998; Whelan et al. 1998). With respect 
to the temporal variability of TF, most attention has been 
paid to the relationship between TF chemistry and the tem- 
poral distribution and composition of precipitation events 
(Potter et al. 1991; Lovett et al. 1996). 

In broad-leaved deciduous forest stands, considerable 
temporal variation in canopy cover and physiological activ- 
ity occurs throughout the year, which likely affects both DD 
and CE. Nevertheless, TF and stemflow (SF) fluxes in de- 
ciduous forest types have mostly been measured during the 
leafed season. Even when ion fluxes are quantified during 
the leafless season, research often focuses on annual means, 
so there is relatively little information on the interaction of 
incident precipitation with the woody canopy of trees during 
the dormant season (Houle et al. 1999; Levia and  Frost 
2003; Pryor and Barthelmie 2005). Therefore, the aims of 
this study were (i) to quantify TF and SF ion deposition 
throughout the year beneath a deciduous European beech 
(Fagus sylvatica L.) canopy, (ii) to examine the effect of 
seasonal changes in canopy cover and phenology on TF and 

In the pedunculate oak – European beech stand one dom- 
inant  European  beech  tree  with  a  diameter  at  1.3  m  of 
0.68 m and a height of 30 m was chosen. The studied tree 
was surrounded by several pedunculate oaks, a northern red 
oak (Quercus rubra L.), and a European beech tree (Fig. 1). 
Because of light competition, the vitality of the neighbour- 
ing pedunculate oak trees is declining. The understory layer 
was removed from a 15 m x 12 m area to determine the ef- 
fect of the tree crown alone on TF. The European beech tree 
was in leaf from 25 April until 18 November 2003. These 
30 weeks will subsequently be called the leafed season, 
within which three phenological periods were distinguished 
(leaf emergence, full-leaf canopy phase, and leaf senes- 
cence). Mean canopy cover above the TF collectors  was 
94% in August 2002 and 55% in March 2003. The spatial 
variability of TF ion fluxes under the studied European 
beech tree has been previously discussed by Staelens et al. 
(2006a). 

 
Data collection 

Water fluxes 
Bulk precipitation and TF were sampled weekly from 4 

March 2003 to 4 March 2004. Wet-only precipitation was 
sampled weekly from 4 March 2003 to 9 December 2003. 
In the forest stand a 35 m high meteorological tower is lo- 
cated 50 m from the study tree. Wet-only precipitation was 



 

 

 
Fig. 1. Experimental setup in the Aelmoeseneie forest, Gontrode, 
Belgium. Tree labels indicate species (C, pedunculate oak; B, Eur- 
opean beech; R, northern red oak) and diameter (cm) at 1.3 m 
height. 

 

 

 
 

         
 

 
 

 
 
measured  on  top  of  the  tower  by  an  automatic  wet-only 
sampler (G.K. Walter Eigenbrodt) with a funnel diameter of 
25.4 cm. An electrical resistance-driven rain sensor (RS 85, 
G.K. Walter Eigenbrodt) with a delay of 1 s activated the 

wards. Weekly samples of TF from each TF collector were 
pooled biweekly (on a volume-weighted (vw) basis) for 
chemical analysis. Water samples were transported and 
stored in darkness at 5 8C, and pH (ion-specific electrode) 
and conductivity were measured within 24 h after sampling. 
Within 1 week after sampling, the TF samples were filtered 
through a 0.45 mm mesh nylon membrane filter and NO3–, 
SO42–, PO43–, and Cl– concentrations were determined with 
ion chromatography (Dionex Corporation). The NH4+ con- 
centration was determined using photometric determination 
of a reaction product of NH4+ at 660 nm (Dutch standard 
method NEN 6567) and K+, Ca2+, Mg2+, and Na+ concentra- 
tions were determined using flame atomic absorption spec- 
trophotometry. H+ concentrations were derived from the pH 
measurements. 

The chemical analyses were validated by  including 
method blanks and by taking repeated measurements of in- 
ternal and certified standard reference samples (CRM 409, 
Quevauviller et al. 1993). Determination limits (mmolc·L–1) 
of the chemical analyses were 1.8 for Na+, 1.0 for K+, 4.4 
for Ca2+, 1.6 for Mg2+, 4.2 for NH4+, 4.0 for NO3–, 5.2 for 
SO42–, 5.6 for Cl–, and 6.3 for PO43–. The coefficient of var- 
iation of five repeated measurements of CRM 409 samples 
throughout the year was smaller than 5% and recovery was 
higher than 95% for all ions. Furthermore, the quality of the 
analyses was evaluated by comparing the measured and cal- 
culated conductivities of water samples (r2 = 0.982 for pre- 
cipitation, r2 = 0.996 for TF, and r2 = 0.996 for SF) and by 
checking the ion balance. When all major ions are analysed, 
the charge difference between cations and anions is ascribed 
to the presence of organic anions or to bicarbonate for samples 
with sufficiently high pH (Driscoll et al. 1989; Chiwa et al. 
2004). The bicarbonate concentration of water samples was 
estimated from the pH using a dissociation constant (pKCO ) 

opening of the lid (Staelens et al. 2005). Bulk precipitation was measured on top of the tower using two collectors with of 7.8 and a partial CO2 3– pressure of 0.3 mbar (de Vries et 2 

al. 
2001). The PO4 concentration was below or around the de- 

a  funnel  diameter  of  24.2  cm.  The  funnels  had  a  sharp- 
edged vertical rim and a slope of 458 and were  set  at  a 
height of 36.5 m above the  ground.  Precipitation  drained 
into 2 L polyethylene bottles at 35 m height that were 
wrapped in aluminium foil to keep the samples cool. A nylon 
1 mm wire mesh was placed in the funnels to prevent con- 
tamination by large particles. 

TF water was measured using 12 collectors that were set 
in a 3 m x 3 m grid under  the  European  beech  canopy 
(Fig. 1). TF collectors were of the same type as the bulk 
precipitation samplers, and were set at a height of 1.5 m 
above the ground. The collecting bottles were placed below 
ground level to avoid the growth of algae and keep the sam- 
ples cool. Funnels, wire meshes, and bottles were replaced 
weekly by equipment rinsed with demineralised water. Pre- 
cipitation and TF amounts were determined by weighing in 
the laboratory. SF water was collected from the European 
beech tree using a spiral-type collector, and measured by 
means of a self-constructed 0.2 L tipping bucket. The out- 
flow was collected in a 200 L container and sampled at least 
weekly from 4 March 2003 to 4 March 2004. 

 
Chemical analysis and data quality 

Bulk and wet-only deposition (WD) and SF samples were 
analysed weekly until December 2003 and biweekly after- 

termination limit, suggesting that the samples were not con- 
taminated by bird droppings (Erisman et al. 2003). 

 
Data analysis 

Ion fluxes 
Ion deposition (mmolc·m–2) was calculated by multiplying 

the amount of water collected by the ion concentration div- 
ided by the area of the collector openings. SF volume was 
transformed to depth using the surface area of the horizontal 
canopy projection, which was visually determined to be ap- 
proximately 180 m2. Mean ion concentrations of SF were 
calculated as vw means. Snowfall occurred during 1 week 
of the study period. Because of the undercatch of above- 
canopy snowfall measurements, the precipitation  amount 
for this sampling week was assumed to be equal to the 
maximum TF amount measured then. The bulk-precipitation 
measurements from 9 December 2003 to 4 March  2004 
were corrected for DD of particles and gases onto the funnels 
by site-specific bulk:wet-only concentration factors derived 
at the study site from 4 March 2003 to 9 December 2003 
(Staelens et al. 2005). WD was calculated by multiplying 
wet-only rainfall ion concentrations by the rainfall amounts 
collected by the bulk collectors because the latter were 
identical to the TF collectors. 
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Temporal variability of ion fluxes and correlation between 
ions 

The biweekly net throughfall (NTF) flux was calculated 
as NTF = TF WD and the net throughfall and stemflow 
(NTS) flux as NTS = TF + SF – WD. In addition, the bi- 
weekly ratio of TF to WD (TF:WD) was calculated (Neary 
and Gizyn 1994; Michopoulos et al. 2001).  One-sample  t 
tests (n = 12) were used to examine whether the annual and 

½1] CUNH þþ Hþ  ¼ CLBC-CLwa 

CLwa is calculated assuming that the DD of weak acids 
equals their WD. NH + and H+ are assumed to be taken up 
in a proportion equal to their average ratio in WD and TF + 
SF, accounting for more efficient uptake of H+ by a factor, 
xH, of 6 (Draaijers and Erisman 1995): 

CLBC-CLwa 
seasonal  NTF  and  NTS  depositions  differed  significantly ½2] CUHþ   ¼ h(  i 
from zero. Positive net ion fluxes indicate ion enrichment 
by the canopy due to DD and (or) internal CL, negative net 

1 xH TFHþSFH 
TFNH 4 þSFNH 4 

WDH 
þ WDNH 4 

ion fluxes indicate a net uptake of ions by the canopy. The 
contribution of DD and CE to NTF can be estimated using 
canopy budget methods and will be described later. 

The significance of the differences between the leafed (25 
April until 18 November 2003) and the leafless seasons was 
determined. For each ion, WD, area-averaged TF, and SF 
were compared between the leafed (13 sampling intervals) 
and the leafless (9 sampling intervals) seasons using Wilcox- 
on’s rank sum test for independent samples. Since TF ion 
deposition was determined for individual collectors (n = 12), 
TF, NTF, and TF:WD could also be compared statistically 
between  the  leafed  and  leafless  seasons using Wilcoxon’s 

In our study, we applied the canopy budget  method  to 
each phenological canopy phase and modified it to account 
for CL of Na+, Cl–, and SO42– during leaf emergence and 
(or) senescence. The NTS:WD ratio of Na+ during emer- 
gence was set equal to its ratio during the full-leafed canopy 
phase. In this way, DD and leaching of Na+ from sprouting 
buds and unfolding leaves were estimated. Then, DD of Cl– 

during leaf emergence and senescence  was  determined  as 
the product of DDNa+ and the mean Cl–:Na+ ratio in NTS 
during the rest of the year. This allowed the estimation of 
Cl– leaching from the emerging and senescent leaves. Next, 
DD and leaching of SO42–  during leaf senescence was esti- 

signed-ranks test for two related samples. As the leafed sea- mated by multiplying the WD of SO4 during senescence 
son was longer than the leafless season, this analysis was per- 
formed on the mean biweekly ion deposition per collector for 
the two periods, calculated by dividing the deposition in the 
leafed (30 weeks) and leafless (22 weeks) seasons by 15 and 
11, respectively. There were two biweekly sampling intervals 
without precipitation in both the leafed and leafless seasons. 

Finally, relations between ions in NTF deposition were 
examined by visual inspection of plots of ion pairs and by 
correlation and regression analysis. Spearman’s coefficient 
of rank correlation (rS) were calculated between the NTF 
deposition of 12 individual collectors for 22 sampling inter- 
vals (ntotal = 264) and by distinguishing four phenological 
phases: the leafed season was divided into (i) the period of 
bud break and leaf unfolding (25 April to 6 May), herein- 
after termed leaf emergence, (ii) the full-leaf canopy period 
(6 May to 30 September), and (iii) the leaf senescence (1 
October to 18 November), in addition to (iv) the leafless 
season. All statistical analyses were performed with SPSS1 

for Windows 12.0. The reported significance levels were ob- 

by the NTS:WD ratio of SO42– during the rest of the year. 
Lastly, CU of H+ and NH4+ were estimated from the leach- 
ing of Na+, K+, Ca2+, and Mg2+, corrected for the estimated 
CL of the weak acids, Cl– and SO42–. 

 
Results 
Precipitation, TF and SF deposition 

The annual precipitation amount of 613 mm (from 4 
March 2003 to 2004) was partitioned into 67% TF, 8% SF, 
and 25% interception loss (Table 1). Annual and seasonal 
(leafed season, 30 weeks; leafless season, 22 weeks) ion 
deposition to the forest floor by TF and SF was significantly 
higher than the incoming WD for all measured ions except 
H+, which was significantly reduced after canopy  passage 
(p < 0.001; Table 1). Consequently, the annual TF:WD ratio 
exceeded 1.0 for all ions other than H+, and generally 
ranged from 2.1 to 4.8 (Table 1). The annual TF:WD ratio 
of K+ (43) was much higher than that of the other ions. The + + 

tained for two-tailed tests. 
 
Estimated DD and CE 

To estimate the contribution of DD and CE to the NTS 
deposition, we modified the canopy budget method reported 
by Draaijers and Erisman (1995) that has been validated for 
a Douglas-fir stand in a region with high N and S deposition 
loads. In the original method, the NTS of Na+, Cl–, NO3–, 
and SO42– is assumed to be due to DD only, and CE is as- 
sumed to be zero. Furthermore, the DD:WD ratio of Na+ is 
assumed to be valid for particles containing K+, Ca2+, and 
Mg2+, implying that an equal deposition efficiency is as- 
sumed for particles containing Na+ as for Mg2+, Ca2+, and 
K+. The annual DD of the latter cations, X, is calculated by 
multiplying WDX  by ðDD:WDÞNaþ , and CL is estimated as 

most important ions in NTS deposition were NH4 , Na , 
SO42–, and Cl–. The HCO3– fluxes calculated from the pH 
hardly contributed to the annual fluxes of the sum of meas- 
ured anions in WD (3%), TF (1%), and SF (0.4%). The con- 
tribution of SF to the annual TF + SF ion deposition was 
38% for H+, 15%–19% for NH4+, Na+, and Cl–, and approx- 
imately 10% for the other measured ions (Table 1). 

According to the unrelated-samples rank test, the WD of 
Na+, Cl–, and Mg2+ was significantly higher in the leafless 
season than in the leafed season (p < 0.05; Fig. 2, Table 2), 
while the fluxes of Na+, Cl–, and SO42– in TF were higher in 
the leafless than in the leafed season (p < 0.05). However, 
for TF and its derived variables, NTF and TF:WD,  the 
more powerful related-samples rank test demonstrated that 
the TF deposition of all ions differed significantly between 

(NTS – DD)X. CU of NH4+ and H+ (CUNH þ þ ) is assumed the  leafed  and  leafless  seasons  (p  <  0.01,  p  =  0.023  for 
to be equal to the CL of base cations K+, Ca2+, and Mg2+ 

(CLBC) that is not associated with weak acid release (CLwa): 
NH4+);  Table  2,  Fig.  2).  The  TF  deposition  of  K+,  Ca2+, 
NO3–, and calculated weak acids was higher in the leafed 

=2 
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Table 1. Annual wet-only deposition (WD), bulk deposition (BD), throughfall (TF, mean ± standard deviation, n = 12), 
stemflow (SF), and net throughfall and stemflow (NTS) deposition (NTS = TF + SF – WD) of water and major ions, and 
TF:WD deposition ratio and SF to forest-floor deposition (SF : (TF + SF)). 

 
 

Annual water (mm) and ion (mmolc·m–2) deposition Ratio   
 

 

 WD* BD TF SF NTS TF:WD SF : (TF + SF) 
Water 612.6 612.6 410.4±31.9 51.6 –150.5 0.67 0.11 
H+ 4.0 1.9 0.6±0.1 0.4 –3.0 0.16 0.38 
Na+ 30.0 44.3 77.3±7.3 18.1 65.5 2.6 0.19 
K+ 1.2 2.5 49.6±6.9 5.1 53.4 42.8 0.09 
Ca2+ 10.9 19.2 47.4±6.6 5.3 41.8 4.3 0.10 
Mg2+ 6.8 10.2 25.7±3.7 3.3 22.2 3.8 0.11 

 NH + 
4 33.5 36.9 89.5±16.7 15.2 71.2 2.7 0.15 

 NO – 
3 18.2 22.7 38.8±4.5 4.1 24.7 2.1 0.10 

SO42– 27.7 35.8 105.0±16.5 14.8 92.1 3.8 0.12 
Cl– 33.0 50.2 100.4±10.6 23.6 91.1 3.0 0.19 
Weak acids{ 7.5 6.4 46.0±10.3 4.7 43.2 4.8 0.09 

*Calculated from wet-only rainfall concentrations and bulk precipitation amounts. 
{Calculated as the difference between sum of cations and sum of anions. 

 

season, while TF of all other measured ions was higher in 
the leafless season. In general, statistical results similar to 
those for TF were obtained for NTF and TF:WD. For Mg2+, 
NTF did not differ significantly between the leafed and leaf- 
less seasons. TF:WD of Mg2+ was significantly higher in the 
leafed than in the leafless season (Table 2) because of the 
strong Mg2+ increase in WD during the leafless season 
(130% compared with the leafed season) that was accompa- 
nied by only a moderate Mg2+ increase in TF (30%). For Cl– 

and SO42–, TF:WD did not differ significantly between the 

0.39 mmolc·m–2  by TF and SF, respectively). During the 
leafed season, the average vw pH increased  from  5.2  in 
WD to 6.3 in TF (Fig. 4) and to 6.0 in SF. During the leaf- 
less season, the pH of WD (5.2) increased to only 5.6 in TF 
and decreased to 4.9 in SF. 

 
Ion correlations in NTF deposition 

The relationship between the biweekly NTF deposition of 
the sum of measured cations (H+, NH4+, Na+, K+, Ca2+, and 
Mg2+) and the sum of anions (measured Cl–, NO3–, SO4   , 

leafed and leafless seasons. The most pronounced temporal 
pattern was observed for K+, with strongly increasing 
TF:WD during leaf emergence and leaf senescence (Figs. 2 
and 3). Almost half (48%) of the annual NTF of K+ oc- 
curred during leaf emergence and senescence, although these 
periods accounted for only 15% of the study time. TF:WD 
also increased for Na+, Mg2+, and Cl– during the short pe- 
riod of leaf emergence, and for Ca2+ and SO42– during leaf 
senescence (Fig. 3). 

Ion deposition to the forest floor by SF was significantly 
higher in the leafless season than in the leafed season for all 
ions other than NO3– and NH4+ (p < 0.02; Table 2). The 
higher SF deposition in the leafless season was due to sig- 
nificantly higher ion concentrations (p < 0.07) as well as 
higher (although not statistically significant) water fluxes in 
SF. The mean vw ion concentrations of SF were similar in 
the leafed and leafless seasons for NO3–, NH4+, and K+, but 
increased in the leafless season for the other ions by 1.7 for 
SO42–, 3.2 for Ca2+, and more than 5 times for Na+, Cl–, and 
Mg2+. The increase in SF concentrations during the leafless 
season was not due to seasonal differences in rainfall con- 

and calculated HCO3–) clearly varied among the four canopy 
phases. The anion deficit in NTF, which represents the flux 
of unmeasured anions of weak organic acids, was negligible 
during the leafless season, pronounced during leaf emer- 
gence, and moderate during the full-leaf canopy phase and 
leaf senescence (Fig. 5). During leaf emergence, the calcu- 
lated weak-acid flux in NTF was significantly positively 
correlated with the NTF fluxes of Mg2+ (rs = 0.57, p = 0.05, 
n = 12) and NH4+ (rs = 0.89, p < 0.001) (Fig. 6a). During 
the full-leaf canopy phase, weak acid deposition  in  NTF 
was significantly correlated with all cations other than H+ 

(p < 0.001, n = 108; rs  = 0.81 for NH4+  (Fig. 6a), rs  = 0.71 
for K+  (Fig. 6b), rs  = 0.50 for Ca2+  and Mg2+). The lesser 
NTF flux of weak acids during leaf senescence was signif- 
icantly correlated with  Mg2+  (rs =  0.74),  K+ (rs  =  0.66), 
and Ca2+  (rs  = 0.52) (p < 0.001, n = 36; Fig. 5). 

The relationship between the concentrations of  cations 
and inorganic anions also varied  during  the  year.  During 
the short period of leaf emergence, the NTF depositions of 
both Na+ and Cl– increased strongly compared with those 
of the full-leaf and leaf senescence canopy phases (Figs. 2 

centration of Ca2+ and SO4 , as the mean vw ion concentra- and 7). During the last 2 weeks of leaf senescence, in con- 
tions in WD were similar in the two periods. For Na+, Cl–, trast, NTF deposition of Cl–  increased while NTF deposi- 
and Mg2+, the vw concentration in WD was 2–2.6 times 
higher in the leafless than in  the  leafed  season, which  is 
less than the fivefold increase in SF. For H+, the vw concen- 
tration in SF was one order of magnitude higher (13 times) 
in the leafless season than in the leafed season. In contrast 
to the negligible H+ input by TF (0.10 mmolc·m–2) and SF 
(0.02 mmolc·m–2) during the leafed season, higher H+  depo- 
sitions   occurred   during   the   leafless   season   (0.65   and 

tion of Na+ remained relatively low (Fig. 7).  Hence,  the 
mean Cl– to Na+ ratio in NTF during this November sam- 
pling (2.7 molc·molc–1) was significantly higher than during 
the rest of the year (1.3 molc·molc–1). The biplots (not 
shown) suggested that the additional Cl– flux in NTF during 
the last 2 weeks of senescence, calculated from the Cl–:Na+ 

ratio of the rest of the year,  was  most  closely  correlated 
with K+  (rs  = 0.76, p = 0.004, n = 12). 
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Fig. 2. Wet-only precipitation, throughfall (± standard deviation, n = 12), and stemflow water (mm·2 weeks–1) and ion fluxes (mmolc·m–2 1 

·2 weeks ) from 4 March 2003 to 4 March 2004. The broken vertical lines separate the phenological canopy phases. 
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A distinct seasonal difference was observed in the rela- 
tionship between the NTF depositions of Ca2+ and  SO42– 

(Fig. 8a). During the full-leaf canopy phase, similar mean 
NTF   amounts   of   SO42–   (22   mmolc·m–2)   and    Ca2+ 

(17 mmolc·m–2) were measured (regression slope = 1.1, rs = 
0.83, p < 0.001, n = 108), while the slope of the SO42– to 
Ca2+ regression was between 2.2 and 2.9 during the other 
three canopy phases. This confirmed that the TF enrichment 
of Ca2+ was highest during the full-leafed canopy phase, in 
contrast with that of SO42– (Fig. 3). An increase in the 
Mg2+:SO42– ratio in NTF was observed during leaf emer- 
gence (rs  = 0.78, p = 0.003, n = 12; Fig. 8b), in agreement 

with the increased NTS:WD of Mg2+ at that time (Fig. 3). 
During leaf senescence, the NTF of SO42– was correlated 
with those of Mg2+ (rs = 0.84), Ca2+ (rs = 0.70), and K+ 

(rs = 0.59). During the leafless season,  in  contrast,  the 
NTF of SO42– was  closely  correlated  with  that  of  NH4+ 

(rs = 0.88, p < 0.001). The NTF  fluxes  of  SO42–  and 
NH4+ were also closely correlated during the full-leaf can- 
opy phase (rs = 0.78, p < 0.001). The biweekly NTF depo- 
sition of NO – was higher during the full-leaf  canopy 
phase  than  in  the  other  phenological  canopy  phases 
(Fig. 2), and was correlated with Ca2+ (rs = 0.89), Mg2+, 
and NH4+  (rs  = 0.86) in the  full-leaf  canopy  phase (plots 
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Table 2. Mean biweekly wet deposition (WD), throughfall (TF), stemflow (SF), and TF:WD ratios in 
the leafed (L) and the leafless (NL) seasons. 

 
 

Biweekly water (mm) and ion (mmolc·m–2) deposition Ratio   
 

WD* TF{ SF* TF:WD{ 

 
 

Water 
H+ 

Na+ 

K+ 

Ca2+ 

Mg2+ 

NH + 

NO – 

SO42– 

Cl– 

Weak acids{ 
 

 

Note: The leafed season includes leaf-emergence, full-leaf canopy phase, and leaf senescence. Values in boldface 
type indicate whether a deposition flux or ratio was significantly (p < 0.05) higher in the leafed or leafless season of 
the year. 

*Wilcoxon’s rank sum test between area-averaged deposition per sampling interval in the leafed (n = 15) and 
leafless (n = 11) seasons. 

{Wilcoxon’s signed-rank test between time-averaged biweekly depositions from individual TF collectors (n = 12) in 
the leafed and leafless seasons. 

{Calculated as the difference between sum of cations and sum of anions. 
 

not shown). During leaf senescence, Ca2+ was the only cation senescence.  Net  CU  of  NH4 was  estimated  at  23 mmolc that was weakly correlated (rs  = 0.38, p = 0.02) with NO3– m–2 year–1, with a small amount of CL of NH4 calculated 
in NTF. 

 
Estimated DD and CE 

Using the canopy budget method at the annual level after 
Draaijers and Erisman (1995), CL was estimated to contribute 
95% for K+, 43% for Ca2+, and 33% for Mg2+ to the annual 
NTS deposition.  The estimated DD of Ca2+  was 24 mmolc 

· 
during leaf burst. 

 

Discussion 
TF enrichment in the leafed and leafless seasons 

The TF ion deposition under the European beech tree was 
significantly  higher  than  the  WD  input  during  both  the 

m–2 1 + – 2– – + 

·year 
. CE values of Na , Cl , SO4 , and NO3 

were leafed and leafless seasons for all ions except H . The an- 
assumed to be zero, so their NTS depositions were attrib- 
uted entirely to DD. To  account  for  weak-acid  leaching, 
the CU of NH4+ was  calculated  as  29  mmolc  m–2·year–1 

and the DD of NH4+ as 100 mmolc m–2·year–1. The CU of 
H+ was then estimated at 11 mmolc m–2·year–1, indicating a 
DD of 8.4 mmolc m–2 year–1. If weak-acid leaching from the 
canopy is omitted, CUs of 55 mmolc  NH4+ m–2·year–1  and 21 mmolc  H+ m–2 year–1  were calculated. 

nual TF and SF depositions of the principal ions (NH4+, 
SO42–, Na+, and Cl–) deviated less than 12% between the 
single European beech tree and the adjacent level-II plot 
during the study period (G. Genouw, unpublished data). The 
finding that leafed as well as leafless forest canopies interact 
with atmospheric deposition is in line with other studies in 
temperate  deciduous  forest  stands.  In  two  Canadian  hard- wood forests, TF deposition of all ions other than H+, NO3 , · · 

Using the modified seasonal canopy budget method, the 
estimated contributions of CL to the annual NTS were 96% 
for K+, 54% for Ca2+, 40% for Mg2+, 12% for Cl–, and 7% 
for Na+ and SO42– (Table 3). During leaf burst, estimated 
Na+ leaching was 78% of its NTS. CL of K+ contributed 
more than 90% of the NTS, irrespective of the canopy 
phase. For Ca2+ and Mg2+, about 70% of the NTS was at- 
tributed to CL during the  full-leaf  canopy  phase.  During 
the leafless season, 28% of Ca2+ and 5% of Mg2+ in the 
NTS was attributed to branch leaching. During leaf burst, 
estimated CL was low for Ca2+ (22% of NTS) but pro- 
nounced for Mg2+ (84%), while during leaf senescence, 
leaching was important for both Ca2+ (86%) and Mg2+ 

(67%). Similarly to Mg2+, the relative fraction of Cl– leach- 
ing in NTS was highest during leaf burst (78% of NTS) and 
important  during  leaf  senescence  (50%).  The  calculated 

and NH4+ exceeded WD during the leafless season, with en- 
richment ratios varying from 1.04 to 4.7 (Neary and Gizyn 
1994) and from 1.3 to 7.5 (Houle et al. 1999). In an oak– 
hickory stand in Georgia — where only 24% of precipitation 
was sampled in the 2 year study period — TF enrichment ratios 
of ions other than H+ and NH4+ ranged from 1.4 to 44 during the 
leafless season (Cappellato et al. 1993). In an oak–hickory 
stand in Kansas, TF deposition exceeded WD for five of eight 
elements during the leafless season, but the difference was 
only significant for PO 3– (Hamburg and Lin 1998). 

While foliation decreased the net water flux to the forest 
floor in the present study, owing to increased interception 
loss (Staelens et al. 2006b), varying seasonal patterns were 
observed for the major ions. The TF:WD ratios were signifi- 
cantly higher during the leafed season for K+, Ca2+, Mg2+, 
and NO3–, but significantly higher during the leafless season 

+ + leaching of SO42–  contributed 39% of the NTS during leaf for Na+, NH4  , and H (Table 2). 

L NL  L NL  L NL  L NL 
22.40 25.14  12.88 19.75  1.53 2.61  0.57 0.79 
0.15 0.16  0.01 0.05  0.00 0.03  0.04 0.31 
0.64 1.85  1.51 4.97  0.16 1.44  2.35 2.69 
0.04 0.05  2.49 1.11  0.14 0.26  58.77 23.39 
0.42 0.42  2.09 1.46  0.07 0.38  4.95 3.52 
0.17 0.39  0.87 1.15  0.03 0.26  5.25 2.93 
1.30 1.27  3.26 3.69  0.50 0.70  2.51 2.90 
0.78 0.59  1.83 1.03  0.14 0.18  2.35 1.76 
1.00 1.16  3.71 4.49  0.31 0.92  3.71 3.88 
0.72 2.01  2.19 6.15  0.22 1.85  3.03 3.05 
0.23 0.37  2.51 0.75  0.23 0.11  11.14 2.01 

 



 

 

 
Fig. 3. Ratios of throughfall to wet ion deposition (TF:WD) during four phenological canopy phases. 

 

 

 
  

 

         
 

Fig. 4. Relationship between pH of biweekly WD and TF (area- 
averaged, n = 12) in the leafed season (including leaf emergence and 
senescence) and the leafless season. The lines indicate single linear 
regressions (y = ax + b) fitted to the seasonally divided data, for 
which the slope (a) is given (leafed season: y = 0.09x + 6.0 (r2 = 0.17, 
p = 0.18); leafless season: y = 0.80x + 1.5 (r2 = 0.87, p = 0.001)). 

Fig. 5. Relationship between net throughfall (NTF) deposition of an- 
ions and cations for 12 individual TF collectors during four phenolo- 
gical canopy phases (ntotal = 264). For each period, the slope (a) of 
the linear regression (y = ax + b) is given. The diagonal line indicates 
the 1:1 ratio (leaf emergence: y = 0.56x – 1.6 (r2 = 0.81); full-leaf ca- 
nopy phase: y = 0.63x + 0.6 (r2 = 0.92); leaf senescence: y = 0.72x + 
0.8 (r2 = 0.92); leafless season: y = 0.95x – 0.1 (r2  = 0.99)). All 
regressions are significant at p < 0.001. 

 
 
 

 
 
 
 
 

 
 

Sodium and chloride 
Na+ and Cl– are generally considered to be conservative 

elements showing only minor CE (Parker  1983;  Johnson 
and Lindberg 1992; Draaijers et al. 1996). Our results indi- 
cate CL of Na+ and particularly of Cl–. The NTF deposition 
of both Na+ and Cl– strongly increased during the short leaf- 
emergence period compared with the rest of the full-leaf 
canopy phase (Figs. 3 and 7). Assuming that DD of these 
ions did not increase strongly in these 2 weeks, both Na+ 

and Cl– must have leached from the breaking buds and (or) 
the emerging leaves. During the last biweekly sampling pe- 
riod of leaf senescence, the high Cl– enrichment was not ac- 
companied by similar Na+ enrichment (Fig. 7), but was 
correlated with K+ concentrations, suggesting  the  leached Cl– 

occurred mainly as KCl. A similar increase in Cl– in TF 
during autumn has previously been reported for other hard- 
wood species (Cronan and Reiners 1983; Neary and Gizyn 
1994; Houle et al. 1999). Experiments in which CaCl2  was 



 

 

added to the soil in sugar maple stands showed that Cl–  is 
taken up, resulting in elevated Cl– levels in both foliage and 
TF (Berger et al. 2001). It therefore seemed reasonable to 
modify the canopy budget method and include Na+  and Cl– 

 
 
 
 
 
 
leaching during leaf emergence and senescence. The Cl–:Na+ 

ratio of 1.32 in NTF during the full-leaf canopy phase and 
the leafless season (Fig. 7) was higher than in seawater 
(1.17; de Vries et al.  2003;  UBA  2004).  The  additional 
Cl– may be due to DD of MgCl2, HCl, and (or) NH4Cl 
aerosols. TF deposition of Na+ was significantly  higher 
than WD of Na+ throughout the year, even though mean- 
ingful Na+ leaching most likely only occurred during leaf 
emergence. Furthermore, the TF enrichment ratio of  Na+ 

was higher in the leafless than  in  the  leafed  season,  in 
line with previous  results  (Neary  and  Gizyn  1994;  Houle 
et  al.  1999;  Devlaeminck  et  al.  2005).  This  demonstrates 
considerable DD of Na+ and Cl– to twigs and branches of 
the leafless tree, likely because of (i) increased atmos- 
pheric turbulence within the defoliated canopy and gener- 
ally  higher  wind  speeds  in  winter  (Beckett  et  al.  2000; 



 

 

 
Fig. 6. Relationship between NTF deposition of weak organic acids (calculated as the anion deficit) and NH4+ (a) and K+ (b) for 12 indivi- 
dual TF collectors during four phenological canopy phases (ntotal  = 264). The lines indicate the 1:1 ratio. 

 

 
 

 

Fig. 7. Relationship between NTF deposition of Cl– and Na+ for 12 
individual TF collectors during four phenological canopy phases 
(ntotal  = 264). The diagonal line indicates the Cl–:Na+  ratio of sea- 
water (1.166; de Vries et al. 2003). 

 

 

 
 

 
 
Freer-Smith et al. 2004) and (ii) enhanced atmospheric sea 
spray in winter, as indicated by  the  WD  pattern  of  Na+, 
Cl–, and Mg2+  (Fig. 2, Table 2). 

 
Potassium, calcium, and magnesium 

In contrast to Na+, the TF:WD ratios of K+, Ca2+, and 
Mg2+ were significantly higher during the leafed than the 
leafless season (Table 2), indicating CL of these  cations 
from physiologically active leaves. Similarly, enrichment 
ratios of K+ and Mg2+ beneath a deciduous  Fagus  moe- 
siaca Cz. canopy were significantly higher in the leafed 
season (Michopoulos et al. 2001). CL was the main mech- 
anism of K+ enrichment in TF, in agreement with previous 
research  (Parker  1983;  Houle  et  al.  1999;  Balestrini  and 

Tagliaferri 2001). K+ is more susceptible to CL than Ca2+ 

and Mg2+ are because it is not bound in structural tissues 
or enzyme complexes (Marschner 1995). The estimated CL 
was higher for Ca2+ than for Mg2+, but the contribution of 
Ca2+ leaching to NTS deposition was smaller during leaf 
emergence than during senescence (Table 3).  This  is  in 
line with the fact that Ca occurs in considerable quantities 
in cell walls as relatively insoluble pectates and is rarely 
retranslocated from leaves to woody components in autumn 
(Marschner 1995). 

While increased cation leaching during leaf senescence is 
commonly reported (Cronan and Reiners 1983; Neary and 
Gizyn 1994; Houle et al. 1999), the effect of bud break and 
leaf unfolding on TF chemistry has rarely been discussed. 
Our results suggest that Mg2+, NH4+, and K+ were leached 
during leaf burst, accompanied by significant leaching of or- 
ganic acids. Leaching of Mg2+ and K+ from young  oak 
leaves has also been found (Draaijers et al. 1992). The esti- 
mated leaching of weak organic acids during leaf senescence 
was less than leaching during leaf emergence. This suggests 
that base cation leaching from senescent leaves was associ- 
ated not only with the release of organic anions (Cronan and 
Reiners 1983; Balestrini and Tagliaferri 2001), but also with 
uptake of NH4+ or H+ (Draaijers and Erisman 1995; Chiwa 
et al. 2004) and (or) the release of one or more of the meas- 
ured anions, such as Cl– and SO42–. 

Significant TF enrichment of base cations was also ob- 
served during the leafless season (Table 2). We attributed 
the TF enrichment of K+ and Ca2+ concentrations during the 
leafless season to the washing of DD from the leaves and 
leaching from the twigs and branches (Tukey 1970; Levia 
and Herwitz 2002), while the enrichment of Mg2+ was at- 
tributed mainly to the wash-off of DD (Table 3) according 
to the modified seasonal canopy budget method. 

 
Nitrogen, hydrogen, and sulphur 

TF enrichment ratios of NH4+  and H+  were significantly 
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Fig. 8. Relationship between NTF deposition of SO 2–  and Ca2+  (a) and Mg2+ (b) for 12 individual TF collectors during four phenological 
canopy phases (ntotal  = 264). The lines indicate the 1:1 ratio. 

 

 
 

 
 

  
 

  
 

Table 3. Wet deposition (WD), estimated dry deposition (DD), and estimated canopy exchange (CE; CE > 0 indicates ca- 
nopy ion leaching, CE < 0 indicates canopy ion uptake) of ions during four phenological canopy phases and the total study 
year. 

Ion flux (mmolc  m–2 1 
  ·period  )   

Canopy phase Flux H+ Na+ K+ Ca2+ Mg2+ NH4+ NO – SO42– Cl– Weak acids* 
Leaf emergence (2) WD 0.1 1.0 0.1 1.3 0.3 3.0 1.6 2.0 1.0 1.2 
 DD –0.4 1.4 0.1 1.7 0.4 5.3 0.0 5.5 1.8 1.2 
 CE 0.3 4.7 7.3 0.5 2.0 2.9 0.0 0.0 6.3 11.4 
Full-leaf (21) WD 1.2 4.2 0.4 3.8 1.2 12.8 7.8 9.5 4.3 2.0 
 DD 1.8 5.6 0.6 5.1 1.5 33.2 15.9 22.2 7.7 2.0 
 CE –2.9 0.0 14.2 11.5 4.4 –10.6 0.0 0.0 0.0 16.7 
Senescence (7) WD 1.0 4.4 0.1 1.2 1.1 3.6 2.2 3.5 5.6 0.2 
 DD 2.1 3.6 0.1 1.0 0.9 9.8 1.9 10.8 4.8 0.2 
 CE –3.1 0.0 16.7 6.2 1.8 –3.7 0.0 6.9 4.7 6.3 
Leafless (22) WD 1.8 20.3 0.5 4.6 4.3 14.0 6.5 12.7 22.1 4.1 
 DD 4.3 50.1 1.3 11.3 10.6 46.1 6.9 46.8 65.8 4.1 
 CE –5.1 0.0 13.3 4.4 0.5 –11.8 0.0 0.0 0.0 1.3 
Year (52) WD 4.0 30.0 1.2 10.9 6.8 33.5 18.2 27.7 33.0 7.5 
 DD 7.8 60.7 2.1 19.1 13.4 94.4 24.7 85.2 80.1 7.5 
 CE –10.8 4.7 51.4 22.7 8.8 –23.2 0.0 6.9 11.0 35.7 

Note: The number of weeks in each canopy phase is given in parentheses. 
*Calculated as the difference between sum of cations and sum of anions. 

 

lower during the leafed season than during the leafless sea- 
son (Table 2), in contrast to the TF enrichment ratios of 
NO3–. A decrease in TF enrichment of inorganic N during 
the leafed season is usually attributed to the retention of N 
by canopy leaves and (or) their microbial communities 
(Neary and Gizyn 1994; Hamburg and Lin 1998). For decid- 
uous canopies, ion exchange of both NH4+ (Roelofs et al. 
1985; Stachurski and Zimka 2002) and H+ (Puckett 1990; 
Cappellato et al. 1993; Lovett et al. 1996) with K+, Ca2+, 
and Mg2+ has been reported. During autumn, increased can- 
opy retention of NH4+ (Cronan and Reiners 1983; Neary and 
Gizyn 1994; Houle et al. 1999), NO3–, and H+ (Cronan and 
Reiners 1983; Houle et al. 1999) has been observed in hard- 
wood stands. Since this uptake occurs at leaf senescence, it 
is probably linked to N retranslocation by trees (Houle et al. 

1999). Increased ion exchange between NH4+ and H+ and 
base cations by senescent European beech leaves explains 
why the observed leaching of K+, Ca2+, and Mg2+ in autumn 
did not lead to an equivalent anion deficit in NTF (Fig. 5, 
Table 3). Considerable CU of N was also calculated during 
the leafless season. Although the main route of CU is con- 
sidered to be via the foliage, increasing evidence suggests 
that N uptake via twig, branch, and stem surfaces may be 
equally important (Bowden et al. 1989; Boyce et al. 1996; 
Macklon et al. 1996; Wilson and Tiley 1998). The estimated 
CL of NH4+ during leaf emergence (Table 3) was correlated 
with the release of weak acid anions (Fig. 6a). By including 
the estimated leaching of weak acid anions as well as Cl– 

and SO42–, the canopy absorption of NH4+ was calculated to 
be 0.33 g N·m–2·year–1. This is in the lower range of values 
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reported in other studies (Brumme et al. 1992; Lovett and 
Lindberg 1993). When leaching of K+, Ca2+, and Mg2+ was 
attributed to CU of only NH4+ and H+ (de Vries et al. 2003), 
however, the calculated retention of reduced N (NHx) was 
more than twice as high (0.77 g N·m–2 year–1). 

NO3–  enrichment of TF occurred in both the leafed and 
leafless  seasons  but  was  significantly  higher  during  the 

(Wesely and Hicks 2000). Therefore, lower S  enrichment 
was expected under leafless conditions. However, the dep- 
osition of SO2 onto leafless forests may be considerably 
underestimated based on stomatal uptake when ambient 
NH3 concentrations are sufficiently large because of the in- 
creased codeposition of SO2 and NH3 under humid condi- 
tions (Wesely and Hicks 2000). For example, Cape et al. 

leafed season (Fig. 2, Table 2). CL or CU of NO3 was as- (1998) found that fumigation of a Scots pine canopy with NH 
sumed to be negligible, since there is no generally accepted 3   notably  increased  S  deposition.  The  dissolution  of 
method for estimating NO3 exchange within the canopy di- NH3  in a water film increases the pH, which promotes the and  results  in  the  formation  of  (NH ) SO 
rectly from TF and precipitation measurements. NO3– can be DD  of  SO2 4 2 4 
taken up by tree canopies, although NH4+ is retained and as- 
similated more preferentially than NO3– (Bowden et al. 
1989; Brumme et al. 1992; Boyce et al. 1996; Stachurski 
and Zimka 2002). The TF enrichment of NO3– in the leafed 
season may be attributed mainly to the DD of NO2, HNO3, 
and particulate NO3– (Hanson and Lindberg 1991; Duyzer 
and Fowler 1994; Gessler et al. 2000). The lower TF enrich- 
ment of NO3–  in the leafless than in the leafed season was 

2– 

(Derome  et  al.  2004).  The  high  TF  enrichment  of  both 
NH4+ and SO42– (Table 2) and the close correlation  be- 
tween the NTFs of NH4+ and SO42– suggests increased co- 
deposition of NH3 and SO2. The molar N:S ratio in the 
estimated DD, accounting for CU of N and leaching of S 
(Table 3), was 2.71 in the leafed season and 1.97 in the 
leafless season. 

Although  the  TF  enrichment  of  SO42–   beneath  various 
likely not found for NH4+ (and SO4 ) because NH3 is taken canopy types is generally attributed to the DD of S, both 
up  not  only  through  stomata  but  also  by  moist  surfaces 
(Wesely and Hicks 2000) and because of preferential NHx 
uptake by the leafed canopy (e.g., Stachurski and Zimka 
2002). Despite the uncertainty concerning N retention within 
the canopy, the study tree is clearly exposed to elevated 
acidifying deposition and N deposition. The chronic increase 
in N and S deposition to forests in northern Belgium has 
caused  significant  soil  acidification  (De  Schrijver  et  al. – 

canopy absorption (Cappellato et al. 1993; Quilchano et al. 
2002) and leaching of S (Lovett and Lindberg 1984; Neary 
and Gizyn 1994; Cappellato et al. 1998) have been reported 
for leafed deciduous canopies. SO42– enrichment increased 
during leaf senescence in the present study (Fig. 3). Assuming 
no increased DD of SOx during this period, 0.11 g S·m–2 year–1 

was leached from the senescing leaves, which decreased the 
estimated DD slightly in the leafed season to 0.61 g S·m–2 

2006) and NO3 leaching below the rooting zone (Neirynck (Table 3). This estimated CL contributed 33% of the total S 
et al. 2002; De Schrijver et al. 2004). 

Our results confirm that deciduous forest canopies exhibit 
substantial pH buffering during the leafed season and less 
pH buffering during the leafless season (Houle et al. 1999; 
Michopoulos et al. 2001; Pryor and Barthelmie 2005). Based 
on TF only, the canopy neutralized 96% of the free rainfall 
acidity during the leafed season and 69% during the leafless 
season. However, when the SF flux of H+ is included, only 
48% of the wet H+ input was neutralized in the leafless sea- 
son. The fraction of neutralized H+ is actually higher be- 
cause of the DD of H+ originating from H2SO4, 
(NH4)HSO4, HNO3, and HCl (Draaijers and Erisman 1995). 
The estimated DD and uptake of H+ (and NH4+) (Table 3) 
depends on the CU equation (eq. 2) and exchange effi- 
ciency, the impact of which is much greater for H+ than for 
NH4+ (J. Staelens, unpublished data). The reduction of rain- 
fall acidity after canopy passage is generally attributed to 
the removal of free H+ by ion exchange by the canopy or to 
organic anion leaching from the foliage (Cronan and Reiners 
1983), but it can also be due to proton consumption by dry- 
deposited NH3 gas (De Schrijver et al. 2004) and Ca2+ com- 
pounds (Lee and Longhurst 1992) or CU of HNO3 (Cappel- 
lato et al. 1993; Stachurski and Zimka 2002). 

The TF:WD ratio of SO42– did not differ significantly be- 
tween the leafed and leafless seasons (Table 2). When CU 
and CL of S are assumed to be negligible (Lindberg and 
Garten 1988; Butler and Likens 1995; Kovácks and Hor- 
váth 2004), considerable amounts of  DD  of  S  on  both 
the leafed (0.75 g·m–2) and leafless (0.72 g·m–2) canopies 
(1.47 g·m–2·year–1) are indicated. Some DD of S originates 
from particulate SO42– but most originates from  SO2,  the 
rate  of  which  is  strongly  affected  by  stomatal  resistance 

deposition  to  the  forest  floor  during  senescence,  but  only 
6% of the S deposition over the 1 year study period. CL 
of S during senescence has also been reported for a beech 
forest in southern Sweden (Staaf 1982). Observations by 
Meiwes and Khanna (1981) suggest that 0.22 g S·m–2·year–1 

could be leached from senescent European beech leaves. 
 
Stemflow 

SF contributed significantly to the annual fluxes of water 
(11%) and ions (9%–19%), particularly H+ (38%), beneath 
the single European beech tree canopy. In German beech 
forests, SF accounted for 15% (Chang and Matzner 2000a) 
and 37%–66% (Sah 1990) of the annual forest-floor deposi- 
tion of H+. The high contribution of H+ by SF in the present 
study was entirely due to low pH values during the leafless 
season, when the SF was more acidic than the WD. As SF 
infiltrates a small area around the trunk, the substantial SF 
fluxes of smooth-barked tree species such as European 
beech can contribute significantly to spatial patterns of water 
percolation under the rooting zone (Chang and Matzner 
2000a) and increase soil acidification (Chang and Matzner 
2000a; Matschonat and Falkengren-Grerup 2000), nitrifica- 
tion (Chang and Matzner 2000b), and mineral weathering 
(Rampazzo and Blum 1992) close to the European beech 
trees. 

SF concentrations of most ions were higher in the leafless 
season than in the leafed season, and could not be explained 
by increased rainfall concentrations. According to Levia and 
Frost (2003), increased chemical enrichment of SF in winter 
may be due to exposure of a larger portion of the woody 
tree crown to incident precipitation, which increases bark 
leaching, and to increased residence times of SF water on 
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the bark surface by lower air temperatures and lower rainfall 
intensities. However, increased concentrations of K+ in SF 
during the leafless season were not observed, which suggests 
that increased Na+, Cl–, and Mg2+ concentrations were due 
to the efficient DD of aerosols derived from sea salt (Becker 
et al. 2000; Freer-Smith et al. 2004) rather than to increased 
ion leaching. 

 
Conclusions 

The chemical enrichment of TF and SF deposition be- 
neath a deciduous European beech tree compared with that 
of WD above the tree was clearly influenced by foliation 
and physiological canopy activity. TF:WD ratios were sig- 
nificantly higher during the leafed season for K+, Ca2+, 
Mg2+, and NO –, but significantly lower during the leafless 
season for Na+, NH4+, and H+. The high enrichment ratios 
in the leafless season indicated that K+ and Ca2+ were 
leached from European beech branches and twigs by rain- 
fall. Furthermore, DD of sea salt derived aerosols, S, and re- 
duced N onto the leafless canopy was at least as high as 
onto the foliated canopy. The excretion of weak acid anions 
by leaves, derived from the anion deficit in NTF, was high- 
est during leaf emergence and the full-leaf canopy  phase, 
and should be taken into account when studying ion ex- 
change within forest canopies. The present research indicates 
that Na+, Cl–, and SO42– are not always conservative with 
respect to the canopy, as is commonly assumed. Therefore, 
an existing canopy budget method was modified to include 
the leaching of Na+, Cl–, and SO42– from emerging and 
senescent European beech leaves. 
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