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ABSTRACT

Bulk precipitation, throughfal and stemflow of base cations
Na', K*, Mg?* and C&* were measured in two deciduous
beech forests, located in regions with different air pollution
characteristics and strongly differing in soil acidity and
soil base saturation. The contribution of dry deposition and
canopy leaching to net throughfall flux was estimated using
Na' as a tracer ion. The input of base cations via bulk
precipitation was not significantly different between
Nothofagus obliqua (Mirb.) Bl. in southern Chileand Fagus
sylvatica L. in Flanders. However, net throughfall input of
Ce&?* and Mg@?* to the forest floor was significantly higher
in Chile than in Flanders. Potassium fluxes were similar in
both studied stands. Dry deposition of Ca2* was higher in
Chile, in absolute value as well as in relative contribution
to net throughfall flux. A strong difference between the
two Fagaceae-dominated forestswasfound for magnesium.
In Chile, canopy leaching of Mg?* (8.9 kg ha' y*) was the
major input source to the forest floor, while M@?* canopy
leaching was close to zero in Flanders. As the availability
of base cationsin the soil solution determinesthe possibility
of trees to exchange cations, we hypothesize that the lower
Mg?* canopy leaching in Flanders is mainly due to
magnesium deficiency in the Flemish forest soil.

Kevworps: Atmospheric deposition, base cations,
Fagacese, forest canopy, throughfall.
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RESUMEN

Se midieron las concentraciones de los cationes de base
Na', K*, Mg? y Ca*" en la precipitacion incidente,
precipitacion directa y escurrimiento fustal en dos
bosques deciduos, localizados en regiones con diferente
contaminacion atmosférica, acidez del suelo y saturacién
de bases. La contribucion de la depositacion secay
lavado del dosel en la precipitacion efectiva se estimé
utilizando el Na* como un ion trazador. El ingreso de
cationes de base via precipitacion incidente no fue
significativamente diferente entre Nothofagus obliqua
(Mirb.) Bl. en e sur de Chile y Fagus sylvatica L. en
Flanders. Sin embargo, las entradas netas de C&* y Mg?*
hacia el suelo del bosque fue significativamente mayor
en Chile que en Flanders. Los flujos de potasio fueron
similares en ambos bosques. La depositacion seca de Ce?*
fue mayor en Chile, tanto en valores absolutos como en
su contribucion relativa en € agua que ingresa d bosque.
Se encontr6 una fuerta diferencia en e magnesio entre
los dos bosques de Fagaceae. En Chile, el lavado del dosel
de Mg?* (8,9 kg ha' a*) constituyd € principal ingreso al
suelo del bosgue, mientras que en Flanders fue cercano a
cero. Asi como la disponibilidad de cationes de base en
la solucion del suelo determina la posibilidad de los
arboles de intercambiar cationes, nosotros hipotetizamos
que € lavado menor de Mg?* en el dosel de los bosques
en Flanders se deberia principalmente a las deficiencias
de magnesio en € suelo de los bosgues de Flanders.

PaLaBrAas cLaves: Cationes de base, depositacién
atmosférica, dosdl, Fagaceae, precipitacion directa.

INTRODUCTION

The chemistry of precipitation that reaches
the forest floor is influenced by chemical and
hydrological characteristics of the incident
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precipitation, washoff of dry-deposited materialsfrom
canopy surfaces, washoff of material transported from
within canopy tissuesprior totheprecipitation event,
and absorption or rel ease of substances by the plants
and their associated microfloraduring the precipitation
event (Parker 1983; Lovett et al. 1989). Throughfall
water isgenerally enriched inmost chemical elements
compared to bulk precipitation, and it is widely
acknowledged that this enrichment results from (i)
dry deposition of aerosols and gases as well as (ii)
canopy leaching, i.e. release of ionsfrom plant tissues.
Toseparatetheseindividual processesof deposition
and chemical exchange, severa approacheshavebeen
developed. Two main methodologies based on
throughfall measurements are (i) the empirical
multiple regression model developed by Lovett &
Lindberg (1984), and (ii) the canopy budget model
(Ulrich 1983), used in this paper.

Forest canopieshbuffer part of theincoming acid
deposition by exchanging K+, Ca?* and Mg?* for H*
and NH,* (Potter 1991). Theseexchangeprocessesare
dependent on theforest canopy composition and the
locdl ecological conditions(Van Ek & Draaijers 1994).
The availability of base cationsin the soil solution
strongly influencesthe cation exchange potential of
trees canopies. For example, fertilization has been
found to enhance canopy leaching considerably
(Matzner etal. 1983). Thereisgrowing evidencethat
various anthropogenic factors such as atmospheric
depositions and harvesting activities may now be
disrupting natural cyclesand depleting Ca?* and Mg?
from forest soils (Likens et al. 1998; Adams 1999).
Factors influencing the base cation pools of soils
include declinesin atmospheric base cation deposition
(Hedin et al. 1994; Matzner & Meiwes 1994), soil
acidificationresultinginsoil aluminium mobilisation
(Falkengren-Grerup & Tyler 1991), and nitrogen
saturation (Aber et al. 1995). Base cation status of
soils is changing more rapidly than previously
anticipated (Schaberg et al. 2001), and the input of
M g?* and Ca?* becomescrucia for theoverall cycling
of theseelementsinforest ecosystems (Armbruster et
al.2002).

Thepresent study ispart of aproject comparing
biogeochemical cycling in temperate deciduous
hardwood forests in Chile and Flanders. The forest
stands studi ed in this paper both consist of tree species
of the Fagaceaefamily, but arelocated in regionswith
differentair pollutioncharacteristics, soil acidity and
soil base saturation. While N and S deposition in

10

Flanders resultsin an exceedance of the critical load
for acidification in the mgjority of forest stands
(Craenen etal. 2000), nutrient cyclinginthepristine
temperate forests of southern Chile is largely
undisturbed by atmospheric contamination (Hedin et
al. 1995). In order to estimate and eval uate the input
of nitrogen to forest ecosystemsin both regions, itis
necessary to gain a better understanding in the
atmospheric input of base cations to these forests.
Studies of unpolluted areas can provide important
baselineinformati onabout natural patternsof element
cycling, against which disturbed cycles can be
compared (Hedin et al. 1995).

The purpose of this study is therefore (i) to
compare throughfall and stemflow fluxes of base
cations between two deciduous Fagaceae forests in
Flanders and Chile, and (ii) to estimate and compare
thedry deposition and canopy |eaching of basecations
inbothforests.

MATERIALS AND METHODS
STUDY AREAS

The Nothofagus obliqua (Mirb.) BI. forest islocated
intheCentral Valley of Chile(40°07'S, 72°51' W, 160
m as.l.). The climate is classified as temperate and
theannual precipitation during thestudy period (May
2000 - April 2001) was 1657 mm. Soils of the area
aredenominated astypic dystrandepts (FAO 1988) or
“trumaos”, originating from volcanic ash. The
overstorey isdominated by Nothofagusobliquaand
hasameantree height of 32 m, astand density of 757
treesha! and an average tree age of 120 years (C.
Oyarzin & R. Godoy, unpublished data). The stand
hasasubcanopy dominated by Aextoxicon punctatum
Ruiz et Pavon, and ashrub layer of Chusqueaquila
Kunth and Rhaphithamnus spinosus (A. L. Juss) Mal.
The Fagus sylvatica L. forest is located in
Torhout (51°05'N, 3°02' O, 10mas.l.), inthenorthern
part of Belgium (Flanders). The climate is also
temperateand theannual precipitation during thestudy
period (Jan 2000 - Dec 2000) was 1007 mm. Theforest
soil ischaracterised asagleyic, dystric cambisol (FAO
1988). Mean tree height of the stand is 25 m, stand
density is292treesha! and the stand ageis 79 years.
Thereisno understorey in thisplanted, monospecific
stand that had abasal areaof 39.2 m?halin 1999.
The growing period of theyear, in which trees
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had |eaves, was from October till April in Chileand
from May till November in Flanders.

DATA COLLECTION

Bulk precipitation and throughfall water were
collectedwith funnel collectorsattachedtoa2-1 bottle.
For thecollection of bulk precipitation 3funnelswere
used in Chile (surface area of 200 cm?) and 4 in
Flanders (surface area of 154 cm?); for throughfall
water, 12 and 10 collectors were used respectively.
Stemflow water was measured using plastic collars
and 50-200 Containers for 12 trees in Chile and 5
treesin Flanders.

Water samples for chemical analysis were
collected monthly in Chileand biweekly in Flanders.
The pH and el ectronic conductivity were determined
using specific electrodes. Base cationswere measured
by atomic emission spectrometry in Chile, and by
atomic absorption spectrophotometry inFlanders. The
Flemish datawere collected asapart of the UN/ECE
intensive monitoring of the forest ecosystems in
Europe (Level I1-plot).

DATA ANALYSIS

To alow easy comparison of the two forest stands,
biweekly data of Flanders were combined into
monthly data. The sum of throughfall and stemflow
water isthetotal amount of water reaching the forest
floor, andiscalled net precipitation. Thenutrient flux
in net precipitation is the actual input to the forest
floor. Thetotal effect of the canopy on nutrient fluxes
is calculated by subtracting bulk precipitation from
net precipitation, designated asnet throughfall water
(NTF, kg hat yr?):

[1] NTF=TF+ S -BD=DD+ CL

where BD = bulk deposition, TF = throughfall, SF =
stemflow, DD = dry deposition, and CL = canopy
leaching.

Independent samples t-tests were used to
compare bulk precipitation, net precipitation aswell
as net throughfall between Chile and Flanders, after
lognormal transformation to meet normality
assumptions.

To estimatethe contribution of dry deposition
and canopy leaching to net throughfall water, the
canopy budget method was used (Ulrich 1983;

Draaijers & Erisman 1995, De Vrieset al. 1998) on a
seasonal basis. In this method, Na* in throughfall is
assumed to be inert with respect to the canopy, i.e.
neither uptake nor leakage occurs. Furthermore,
particles containing Ca?*, Mg?* and K* are assumed
to have the same deposition velocity as Na*, as
expressed by adry deposition factor (DDF):

2 DpbE = (TF +SF - BD),,
BD

Na
Dry deposition of Ca?*, Mg?* and K*is then

calculated asthe bulk deposition flux multiplied with
thedry depositionfactor:

[3] DD, =BD, XDDF
Canopy leaching of each ion is calculated by
subtracting the estimated dry deposition flux fromthe
net throughfall flux.
RESULTS

WATER FLUXES

Although annual precipitationin Flanderswas 40%
lessthanin Chile, growing season precipitation was
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Ficure 1. Annual bulk precipitation, throughfall and
stemflow amount (mm y%) in a Nothofagus obliqua stand
(Chile) and a Fagus sylvatica stand (Flanders).
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comparable: 610 mmin Chilevs. 676 mmin Flanders
(Fig. 1). Monthly precipitation in the growing season
wasnot significantly different between thetwo coun-
tries (p=0.765), in contrast to monthly precipitation
in the non-growing season (p = 0.034). Rain inter-
ception, i.e. thefraction of thebulk precipitationthat
never reached forest soil, was 32% in Chileand 25%
in Flanders. In Chile nearly all net precipitation
(TF+SF) cameasthroughfall (98.5%), while stemflow

accounted for 21% of net precipitation input in
Flanders (Fig. 1). The amounts of net precipitation
and net throughfall (TF+SF-BP) werenot significantly
different between Chile and Flandersduring the grow-
ing season and over the year, but were significantly
higher in Chile during the non-growing season (Table
I1). In Chile, the amount of net throughfal water was
significantly different betweenthegrowingand non-grow-
ingseason (p=0.010), incontrasttoFlanders(p=0.168).

TasLE |. Bulk deposition (BD), throughfall (TF), stemflow (SF) and input to the forest floor (TF+SF) in a Nothofagus
obliqua stand (Chile) and a Fagus sylvatica stand (Flanders) (kg ha? y?).

Element Chile Flanders

(kg haty) BD TF SF TF+SF BD TF SF TF+SF
Na* 14.8 316 0.6 322 20.2 209 6.0 26.9
K* 3.6 49.8 15 51.3 6.7 32.1 7.3 39.4
cat 9.2 215 1.0 225 8.3 9.6 33 12.9
Mg?* 15 119 0.3 12.2 2.8 3.0 0.7 37

TasLE |I. Difference between Nothofagus obliqua (Chile) and Fagus sylvatica (Flanders) in the water flux (mm
month!) and base cation flux (kg ha® month?) in (i) net precipitation and (ii) net throughfall: significance of two-

tailed t-statistic (' p < 0.05, ** p < 0.01, *** p < 0.001).

Net precipitation (TF+SF)

Net throughfall(TF+SF-BD)

Element Yer Growing Non-grow Year Growing Non-grow.
Water 0.467 0.559 0.050" 0.018" 0.692 0.002""
Na* 0.800 0.427 0.300 0.015" 0.009 ™" 0.519

K* 0.767 0.722 0.115 0.621 0.767 0.062
ca* 0.315 0.271 0.926 0.004 " 0.006 ™" 0.296
Mg 0.012° 0.014" 0.515 0.000 """ 0.001""" 0.032"

NUTRIENT FLUXES IN CHILE AND FLANDERS

Bulk deposition of basecationsNa*, K*, Ca* and Mg?*
was generally of the same magnitude in the two re-
gions(Tablel). On an annual basisaswell asduring
the growing and non-growing seasons, bulk deposi-
tion of base cations was not significantly different
between Chile and Flanders. For all base cations, the
input to the forest floor in net precipitation (TF+SF)
was higher in Chile than in Flanders (Table 1), but
thisdifferencewasonly significant for Mg?* annually
and in the growing season (Table I1). Net throughfall
(TF+SF-BD) wassignificantly different between Chile
and Flandersfor Nat, Ca?* and Mg?* on annual basis
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and during the growing season (Tablell). During the
non-growing season, only net throughfall of Mg?* dif-
fered significantly between both countries.

The evolution of TF concentrations over the
yearisillustratedinFig. 2. InChile, TF concentrations
of all base cationswere much higher in the growing
season than in the non-growing season. In Flanders,
K* concentrations were higher during the growing
season, whileNa* concentrationswere highest inthe
non-growing season. In Flanders, sodium was
characterized by especially high TF concentrations
during thefirst four months of 2000 (Fig. 2), because
of increased atmospheric seaaerosol levelsduetohigh
stormactivity.
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Ficure 2. Monthly variationin throughfall amount (shown
by bars) and base cation concentration (shown by sym-
bols and lines) under stands of (a) Nothofagus obliqua
(Chile) and (b) Fagus sylvatica (Flanders).

DRy DEPOSITION AND CANOPY LEACHING

The contribution of bulk deposition, dry deposition
and canopy leaching to the forest floor input was
cation-dependent (Fig. 3). Stand deposition of K*
was much higher during the growing season dueto
increased canopy leaching (Fig. 2). The contribution
of dry deposition (<10%) and canopy leaching
(>90%) to net throughfall of K* was comparable
between Flanders and Chile (Table I1l). For Ca?*,
bulk deposition was an important input sourcein
both countries (Fig. 3). Dry deposition of Ca?* was
much higher in Chilethan in Flanders, in absolute
values (Fig. 3) aswell asinrelative contribution to
net throughfall deposition (Tablelll). The principal
sourceof calciumin Flanderswasbulk deposition,
while dry deposition was more important in Chile
(Fig. 3). The amount of Ca?* canopy |eaching was
comparablein both countries.

For Mg?*, a strong difference between the
two Fagaceae forests was found. In Chile, the
input of Mg? was mainly originating from
canopy leaching, contributing 8.9 kg hatyr-ton
atotal input to the forest floor of 12.2 kg hay-1.
In Flanders, canopy leaching of Mg?* was close
to zero, indicating no effect of the canopy on
Mg?* in rain water. Bulk deposition was
consequently the most important source of M g?*
in Flanders (Fig. 3).

Thetotal amount of wet and dry deposited
base cations was of the same magnitude in both
countries, except for Ca?* (Fig. 3). The sum of
wet and dry deposition of Ca?* wastwiceashigh
in Chile (21.2 kg ha'yr?) as in Flanders (10.7
kg hatyr?).

TasLe |1l. Estimated contribution (%) of dry deposition (DD) and canopy leaching (CL) to annual net throughfall
deposition of base cations for Nothofagus obliqua (Chile) and Fagus sylvatica (Flanders).

Element Chile Flanders

DD (%) CL (%) DD (%) CL (%-)
Nat 100 0 100 0
K+ 9 a1 5 95
Ce* a1 9 53 47
Mg? 16 84 98 2
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Ficure 3. Deposition of base cations (kg ha? y*) in (a) Nothofagusobliqua (Chile) and (b) Fagus sylvatica (Flanders).
Numbers above bars indicate contribution (%) of each source to cation input to the forest floor.

DISCUSSION

Throughfall and stemflow measurements showed a
higher input of base cationsin Chilethanin Flanders,
which was significant for Mg?* (Table 11).
Subtracting bulk deposition revealed significant
differences between the two forests for Ca?* and
Mg?*in net throughfall water (Table I1). To find a
probable reason of the higher input of base cations
to the Nothofagusforest, three underlying processes
can be discussed: bulk deposition, dry deposition
and canopy leaching.

Thereareslight differencesin bulk deposition
of base cations between the two forests. However,
the higher throughfall deposition of base cationsin
Chile was not determined by a different input via
precipitation, asbulk deposition of K* and Mg?* was
even higher in Flanders(Tablel). Overall, wefound
no significant differencesin monthly bulk deposition
of base cations between thetwo countries. Theinput
of base cations via precipitation was measured by
bulk precipitation samplers instead of wet-only
samplers, but no attempt was made to correct bulk
deposition for the probable contribution of dry
deposition onto the funnel s of bulk samplers.

A second factor contributing to the input of
base cations to the forest floor is dry deposition.
The estimated dry deposition was higher for the
Nothofagusforest in Chilethan for the Fagusstand
in Flanders, especially for Ca?* (Fig. 3). Theamount
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of dry deposition depends on ambient air
concentrations and the collection efficiency of the
surface, whichisincreased by wet surface conditions
and a high ambient relative humidity (Draaijers et
al. 1997b). Consequently the difference between the
two forests may be due to differing deposition
velocitiesasinfluenced by thetemporal precipitation
distribution, aswell asto differing air concentrations.
Air concentrations of Ca?* are related to (amongst
other things) dust emissions associated with traffic
on unpaved roads or agricultural tillage practices,
and natural particle emissions (Hedin et al. 1994).
Cloud and fog deposition were not measured or
estimated, as both forest stands were low elevation
plotswithout frequent fog events.

Canopy leaching resultsgenerally agreewith
previous studies (Reiners & Olson 1984; Lovett &
Schaefer 1992). Potassiumisin both countriesfound
to be more susceptibl eto canopy | eaching than M g
and Ca?* (Fig. 3), becauseit isnot so tightly bound
in structural tissues or enzyme complexes (Draaijers
et al. 19974). Calciumisderived primarily fromthe
wash off of dry deposition or thedepl etion of readily
accessible ionic pools on canopy surfaces, but is
regarded as highly immobile (Lovett & Schaefer
1992). Magnesium seems to take an intermediate
positionbetweenK* and Ca?* (Tablelll). Generdly,
leaching of base cationsis higher in Chilethanin
Flanders, but the differenceis most pronounced for
Mg?* (Fig. 3). Possiblefactorsthat regul ate canopy
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leaching of base cations are (i) precipitation
characteristics, such asduration, amount and acidity
of rain events, (ii) canopy characteristics, such as
aboveground biomassand amount and concentration
in tree leaves, and (iii) forest soil characteristics,
such as extractable amount of base cations and soil
solution concentrations (Lovett & Schaefer 1992).
Canopy interactionswith acidic precipitation arefor
instance influenced by the phenological status of
trees (Cronan & Reiners 1983). Since the effect of
precipitation characteristics is more important as
rain-pH decreases, canopy exchange in the studied
forest standswill to alarge extent be determined by
tree and soil characteristics. Although both forests
typesdiffer in structural characteristics, phenology
and morphology are comparable. Thus, we suggest
that the observed difference in Mg?* leaching may
berelated to soil nutrient status.

In Flanders, pH-value and base saturation of
the soil are much lower than in Chile, because of
differing soil types and as a result of historical
differencesin acidloadings. Nitrogen depositionin
therange of 10-40 kg N haly-*iscommonin much
of Europe (MacDonald et al. 2002), and substantial
amountsaredepositedasNH,* (Meiwesetal . 1998).
Inregionswithintensiveagricultural activities, like
Flanders, forest soils have been subjected to high
atmosphericdepositionfor several decades(Craenen
et al. 2000), which has resulted in a significant
acidification of forest soils over the past 50 years
(Ronse et al. 1988). At the Flemish forest site, soil
pH(H,O) of the top 30 cm is 3.7, compared to 6.0
for the Chilean soil of volcanic origin. Aluminium
isconsequently the dominant cationinthe Flemish
forest soil solution, probably hampering M g?* uptake
by roots (Evers & Huttl 1991; Falkengren-Grerup
& Tyler 1991). Magnesium deficiency isindeed a
widespread phenomenon in European forests
(Armbuster et al. 2002). No difference in canopy
leaching of e.g. K* wasobserved, in agreement with
the fact that potassium ions are strong competitors
with other cations (Mengel & Kirkby 2001).

Comparing forest ecosystems in Chile and
Flanders is not straightforward because of the
differencesintree species, climateand air pollution
characteristics. Furthermore, data quality can be
influenced by dissimilaritiesin sampling protocol
and analytical techniques. To our knowledge, all
reported studiesthat used the model of Ulrich (1983)
were based on seasonal or annual data, although the

method theoretically also works on e.g. monthly
basis. Estimating dry deposition and canopy leaching
over long time periods has the disadvantage that
the fluxes cannot be compared statistically when
only oneyear’sdata are available. Aswe also used
the method of Ulrich (1983) on a seasonal basis, it
was not possible to determine the significance of
thedifferencein canopy leaching between Flanders
and Chile. However, the contrast between the canopy
leaching of Mg?* in Chile and Flandersis so large
that the suggested hypothesis on the influence of
Mg?* soil deficiency in Flanders certainly warrants
further research.
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