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Abstract

Bulk precipitation, stemflow and throughfall were collected in a Canarian laurel forest (North Tenerife), and chemically
analysed to determine the net below canopy fluxes. Annual negative fluxes were found for H", NO5, SO; and C1~ and annual
positive fluxes for Ca”, Mg”, K", Na™, HCO5, PO?f and DOC. Negative fluxes for most of these ions have been reported
previously but this is the first time that they have all been measured at the same time in one forest.

The relative importance of atmospheric deposition and canopy leaching to net below canopy fluxes was evaluated using two
approaches previously employed in this type of study. The first approach consisted of calculating total inputs, taking inputs as
bulk precipitation or bulk precipitation plus the additional input from scavenging dry deposition by vegetation surfaces,
corrected by the maximum and minimum leaching rate. The values obtained for inputs were very similar, possibly due to the
minimum effect on scavenging particles by the canopy. In the second approach, linear regressions were developed for net below
canopy fluxes and the variables related to dry deposition (antecedent dry period) and leaching (event quantity and duration,
etc.); this showed that NO3 in net below canopy fluxes came from dry deposition, the rest of the elements from leaching, and
SO3~ from both. Similar results were obtained using both approaches.

It was found that a simple linear regression model with event quantity as the independent variable can readily substitute the
Lovett and Lindberg (1984) [J. Appl. Ecol. 21 (1984) 1013] model. The latter model was applied for separate internal and
external sources in the case of SO2™.

This forest differed greatly from other, previously studied forests. Large amounts of water were required for a positive flux
(leaching), suggesting that the negative net below canopy fluxes of some elements were due to the low water regimes during the
study year. Possible causes of this were the high value of the canopy saturation and the pattern of scattered rainfall, which led to
extreme values of interception losses. The point at which the line representing the relationship between net below canopy fluxes
and event quantity intersected the x axis varied depending on the leachable properties of the canopy ions. © 2002 Elsevier
Science B.V. All rights reserved.
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20 million years ago and which today exists in the
Canary Islands (Santos, 1990). However, until now no
information on the nutrient balance of this forest has
been reported in the literature.

There is general agreement that bulk precipitation
chemistry can be altered considerably after passing
through the forest canopy to the ground. The factors
which control the hydrochemical balances in forest
canopies are well known, although the relative
importance of these factors are not clear. The results
for nutrient balances depend on the forest type, and
may reflect different patterns of behaviour in nutrients
in different ecosystems.

There are marked differences in the hydrological
functioning of laurel forests and other forest types
(Aboal, 1998; Aboal et al., 1999a,b), attributable to
both canopy (high canopy storage capacity) and
climatic characteristics of the western Canary Islands
(low mean evaporation rate during post-saturation
rainfall and scattered rainfall events). This leads us to
believe that the nutrient dynamics associated with
these exceptional hydrological balances may also be
inherently different in other biomes.

The main hydrochemical processes which differ
among canopy forests are: (i) The capacity of canopy
surfaces for scavenging atmospheric deposition
(White and Turner, 1970; Eaton et al., 1973; Art
et al., 1974; Bache, 1977; Lovett, 1987, 1994; Kazda
and Glatzel, 1986)—they are more efficient as input
collectors than as bulk precipitation collectors (such
an increase in the bulk precipitation has a significant
effect on some ecosystems); (ii) The leaching (of
mineral elements from plant tissues, exudes and
decomposition products) and ionic exchange reac-
tions in the canopy (Lovett and Lindberg, 1984;
MacDonald et al., 1993; Kozlowski and Pallardy,
1997); (iii) The capacity of the canopy to incorporate
elements from bulk precipitation (Ulrich, 1983); and
(iv) The capacity of the canopy to intercept elements
from the bulk precipitation that will be washed by the
rain.

Interpretation of the relative contributions of these
different processes to the composition of net below
canopy fluxes is still a matter of scientific debate
(Ignatova, 1995). However, analysis of net below
canopy fluxes provides a first approximation of the
chemical transfer through different sectors of the
vegetation, showing the ion input from dry deposition

and internal crown leaching and ion loss through
absorption by the canopy.
The objectives of this study were to:

—  Determine the changes that occur in the chemical
composition of bulk precipitation while passing
through the forest canopy, and the associated
elemental fluxes.

—  Determine forest inputs corrected by the differ-
ential factor of dry deposition wash off between
canopies and standard bulk precipitation
collectors.

—  Determine the internal or external ion sources of
net below canopy fluxes using different methods
by evaluating factors such as antecedent dry
period (ADP), event quantity, mean rainfall
intensity, event duration and interception evap-
oration, for predicting net below canopy fluxes.

2. Materials and methods
2.1. Study site and species

The experimental plot was located in the Tenerife
Agua Garcia Mountains, in a protected area called ‘Las
Lagunetas’ (UTM : X = 362464;Y = 3148692) at
an altitude of 820—-830 m and a slope of 8° to 12°,
facing NNE. Soil in the plot, classified as Andisol,
came from a bedrock that is a mixture of olivine
basalt and volcanic ash. The plot was 3.3 km from the
coast.

Trees with a stem diameter (DBH) greater than
0.06 m were found at a density of 1693 trees ha .
The six tree species (ranked in decreasing order of
total basal area) were Myrica faya Ait., Laurus
azorica (Seub.) Franco, Persea indica (L.) Spreng,
Erica arborea L., llex perado ssp. plathyphylla Webb
and Amarra, and Ilex canariensis Poivet (For further
details see Morales et al., 1996a,b). Leaf area index
(LAI) was 7.8 m* m ™ > (Morales et al., 1996a).

2.2. Field site: environmental conditions

The climate is humid Mediterranean with an
annual mean temperature of 14.0 °C, an absolute
maximum of 39.0 °C and an absolute minimum of
0.2 °C. Annual mean relative humidity is 80%, mean
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annual precipitation 733 mm, mean annual number of
rainy days 94, and absolute maximum daily rainfall
121 mm. During the study period (27th December
1994-31st December 1995), total precipitation was
626 mm, absolute maximum daily rainfall 31 mm,
and absolute maximum weekly rainfall 131 mm.
There were 29 weeks with less than 5 mm of rain.

Throughfall was 323.4 mm and stemflow was
42.9 mm (Aboal et al., 1999a); subtracting both
from the gross precipitation gave an interception
which was 259.7mm or 41.48% of the incident
rainfall (Aboal et al., 1999b).

2.3. Field instrumentation and sample collection

An automatic rain gauge (model Skye, Int.
Llandrindod, UK), and a standard rain gauge were
fixed 2 m above the top of the canopy, on a 17 m high
wooden tower. Meteorological data were recorded as
30 min totals with a data logger (Delta-T Devices
Ltd., Cambridge, UK).

During the period from 27th December 1994 to
31st December 1995, two gauges (17 cm diameter
funnels, a 51 polyethylene collection bottles) for
collecting bulk precipitation were placed on the top of
the tower. The wind did not introduce significant error
in rainfall data (Aboal et al., 1999a). A composite
sample was made by combining samples from the two
gauges. Filters of fine mesh plastic gauze were placed
on the funnels in order to prevent contamination by
plant debris or insects and were removed weekly for
washing. Algae growth was never observed. The
gauges were cleaned with double-distilled and
deionised water after each sampling period. We
collected bulk precipitation because atmospheric
deposition is frequently measured in biogeochemical
studies as the material collected by a continuous open
funnel or bucket (a ‘bulk’ deposition collector). Bulk
collections are used because of the simplicity and
economy of the method (Lovett, 1994). Unfortu-
nately, other sources of error exist; during dry periods
bulk samplers collect aerosols and particles as well as
other anomalous material, including some material of
local origin not considered to be ecosystem input,
such as bird droppings, pollen, insects, local dust on
the funnel that washed into the sampling bottle with
the next rain (Matzner and Meiwes, 1994; Lovett,
1994). Nevertheless, inputs to the forest are usually

underestimated by standard open field polyethylene
collectors, because of the effect of canopy surfaces in
scavenging atmospheric particles. As a result, bulk
collectors tend to overestimate wet deposition and
underestimate total deposition in many areas (Lovett,
1994).

To measure throughfall, 40 gauges were randomly
placed at fixed positions and samples combined
proportionally to make a composite sample. The
throughfall collectors were identical to those used for
bulk precipitation, as were maintenance and sampling
procedures. The collecting surfaces were at a height of
1m to avoid splash contamination. To measure
stemflow, we selected 30 trunks (five of each species
in the plot), according to Aboal et al. (1999a).
Stemflow was then measured by the standard method
of rubber collars around trunks, with polypropylene
tubes to transfer the collected water to 361 poly-
ethylene storage bags. Bulk precipitation, throughfall
and stemflow were measured at weekly intervals,
except after high-intensity rainfall events, after which
they were measured immediately (two or three times a
week). For analyses that required single events
(assigning values to antecedent period and rainfall
amount) we used the following procedure, consider-
ing three types of periods. Firstly, periods when there
had only been one day of rain were not problematical,
because the measured throughfall and stemflow for
that period corresponded to that day of rain. Secondly,
for periods in which two or more rainfall events had
occurred, each separated by less than 3 h, throughfall
and stemflow on each day/days of rain were taken to
be the corresponding totals. Thirdly, periods (usually
weeks) when rainfall events separated by more than
3 h had occurred, were excluded from the analysis.
Nevertheless, periods of the third type were used in
the estimation of total amounts of precipitation. All
samples were transported to the laboratory, stored at
—10 °C, and analysed the following week.

2.4. Chemical analysis

For analysis, the volume of sample required was
250 ml. Water chemical analyses were carried out
following the methods of the American Public Health
Association (1992), after filtration. Subsamples of
200 ml were filtered through 0.45 pwm filters (Milli-
pore). Unfiltered subsamples (50 ml) were used to
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Table 1

Annual hydrological fluxes (mm) and annual chemical fluxes (kg ha~' yr) in bulk precipitation (1), throughfall (2) stemflow (3), below canopy fluxes (BCF = 2 + 3) and net below

@+3) -0y

canopy fluxes (NBCF

Na*t K+ CO;H™ cl- S0;~ NO3 PO;™ DOC
(kgha™'yr)

Mg+2

Ca+2

H+

Prec.

75.6
1834

4.4
4.9

9.6
5.8
0.7

26.7

94.7

91.7
107.0

7.2
394

51.0

5.6
6.8

7.5

75%x107°

(mm)

625.2

(1) Bulk precipitation

(2) Throughfall
(3) Stemflow

1.8x 1073

21.8

84.0

47.6

8.8
0.9
9.7

323.6

3.6%x1073

18.2
201.5

0.3

3.0

24.9
—-1.8

9.0

93.1
—-1.7

8.9
115.9

44 4.2
43.6

51.9

0.6

429

52
0.8

6.5
—-3.1

7.3

55%x107°
—20%x1073

BCF (2) + (3)

125.9

0.9 36.4 24.3

1.8
34.0

22
38.0

NBCF (2) + (3) — (1)
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22.0

2.0
12.0

83.0

0.0
12.0

Estimated leaching rate %(Min.)

38.0

90.0

52.0

47.0

Estimated leaching rate %(Max.)

3.6
6.2

10.8

0.8

0.8

1.2
1.4
8.7
8.9

(4) Add. inputs collec. by canopy (Min.)

0.9
51.8

1.2
6.4

6.7

(5) Add. inputs collec. by canopy (Max.)
(6) Total inputs (TI) = (4) + (1) (Min.)

13.4

51.9

(7) Total inputs (TT) = (5) + (1) (Max.)

Minimum and maximum leaching rates (Domingo et al., 1994), except for COsH ™, NO3 and PO3 ", for which no leaching rate data was available. Additional inputs collected by

the canopy, (minimum and maximum, (4) and (5)), and total input (minimum and maximum, (6) and (7)).

determine dissolved organic carbon (DOC). The pH
was determined using a pH-meter (Crison digit 501),
with a combined selective electrode (Ingold-V5402).
Electric conductivity was determined with continuous
shaking and temperature correction, using a conduc-
tivity-meter (WTW LF 537), with an electrode (WTW
Tetralon 36). Cations were determined as follows: Na
and K by Flame Emission Photometry (Perkin Elmer
AA Spectrometer 3100); Ca, Mg, Al, Si and Fe by
Atomic Absortion Spectrophotometry (Perkin Elmer
AA Spectrometer 3100). Anions were determined as
follows: alkalinity (TA and TAC) by automatic
titration with HCl (auto-analyser Mettler DL25
Titrator); NO3 by colorimetry by the Brucine method;
SO, by the turbidimetric method; Cl by potentio-
metric titration with silver nitrate solution and
combined silver—silver chlorate electrode (DM-141)
(automatic analyser Mettler DL25 Titrator) and PO,
by direct colorimetry by the ascorbic acid method.
Finally, DOC was determined by oxidation with
permanganate by the method of Barlett and Ross
(1988).

2.5. Data analysis

Net below canopy fluxes were calculated for each
chemical species as follows: NBCF = BCF — BPF,
where NBCF in the net below canopy flux; BPF is the
bulk precipitation flux; and BCF is the below canopy
flux, throughfall plus stemflow.

To estimate the percentage of material leached
from the vegetation in throughfall (leaching fraction)
leaching coefficients were used. Ranges of leaching
percentages previously reported for an ecosystems
(Domingo et al., 1994; Ferm and Hultberg 1995a), and
which included many different types of forests, were
as follows: for sodium (0—12%), potassium (83—
90%), calcium (38-47%), magnesium (34—-54%),
sulphate (22-38%) and chloride (2-12%). The
leaching percentages depend on many factors such
as plant species, the environmental characteristics of
the systems studied and the method of measurements
employed (Domingo et al., 1994). The maximum and
minimum value of canopy internal leaching were then
determined for each ion. By subtracting the leaching
value (obtained multiplying the leaching percentages
by the net below canopy fluxes) from the net below
canopy fluxes, dry deposits collected by the canopy
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were determined. Finally, the total input to the
ecosystem was calculated as the bulk precipitation
input plus dry deposits collected by the canopy
(Domingo et al., 1994).

To analyse the quantitative relationships among
factors that control the canopy modification processes
we used a regression technique to distinguish between
external (dry deposition) and internal (canopy leach-
ing) sources of each element independently in the net
below canopy fluxes (Lovett and Lindberg, 1984).

3. Results
3.1. Net below canopy fluxes

Net below canopy fluxes contained a smaller
amount of the major ions (except K*) than bulk
precipitation, Table 1. During the hydrological year
studied, DOC accounted for 67.8% of the total net
below canopy fluxes, followed to a lesser extent by
K" (19.6%), HCO5 (13.1%), and Ca**, Mg®", Na*
and PO3 ™ (all about 1%).

Some ions showed negative net below canopy
fluxes. The H' net below canopy fluxes were negative
for the year studied, but both uptake and release
occurred; release only occurred when rainfall pH was
high, ranging between pH 6.04—7.98. We also found
negative NBCF for NO;3, SOﬁ_ and the Cl . The net
below canopy fluxes for the remainder of the ions
analysed were positive.

Ion balances for bulkprecipitation and throughfall
were calculated (Bi = (S~ — S1)/(S™ + ST); where
S and ST are, respectively, the sum of the anions
and cations) with values of 0.25 and 0.07, respect-
ively, and with mean values of EC (uS/cm) of 68.5
and 210.0. Ion balances for stemflow were calculated
for each species with the following results: —0.01 E.
arborea, 0.10 I. canariensis, 0.04 I. perado, 0.14
L.azorica, 0.03 M. faya and 0.16 P. indica; the mean
values of EC (uwS/cm) were 261.5, 193.5, 297.5,
187.5, 313.5 and 146.5. In accordance with Custodio
and Llamas (1976) the lower the values of EC, the
greater the error (e.g. bulk precipitation error of 25%,
68.5 wS/cm) and the greater the value of EC the
smaller the error (e.g. M. faya error of 3%, 313.5 wS/
cm), although all the values of Bi considered as errors
would be within the permitted limits (Custodio and

Llamas, 1976). All values (except stemflow of E.
arborea) showed an imbalance of charges in favour
of anions, which can be attributed to: (i) non inclusion
of ammonium ion,. (ii) overestimation of bicarbonate,
considering the level of DOC and alkaline particles in
the bulk precipitation, throughfall and stemflow.
Nevertheless we confirm that anions were taken up
by the canopy while water passed through it.

3.2. Estimated total inputs and sea salt input

Different total inputs can be calculated by
considering the inputs as the bulk precipitation
alone, or bulk precipitation plus the effect of the
canopies scavenging dry particles. The usual
approach, not corrected, is based on bulk precipitation
measurement. An additional method was applied
(Domingo et al., 1994) correcting the total inputs by
the additional inputs (dry deposits collected by the
canopy). Additional inputs were only calculated when
the net nutrient flux was positive. Results of all total
inputs (bulk precipitation, Max. and Min.) were
similar for all of the elements (Table 1).

Knowing the concentration of Na and the amount
of rainfall, the sea salt deposition values were
calculated in the conventional manner (kg ha™ ")
from: D = [([Na] X R)/10] X (100/30.5); where
[Na] is the seasonal weighted mean concentration of
sodium (mg ml_l), R the seasonal cumulative rainfall
(cm) and 30.5, the percentage of sodium in sea salt.
The sea salt deposition value obtained was
167.0 kg ha ' year ! of sea salt. An excess of Na™
can be calculated using ClI™ as the sea salt tracer
element; this calculation requires the selection of a
conservative component, for which Cl™ is suitable
since its shows little fractionation (Dewalle and
Swistock, 1994). The equivalent ratio of Nat/Cl™ in
sea water is multiplied by the C1 ™ concentration in the
sampled bulk precipitation, and then subtracted from
the concentration of Na' in the sampled bulk
precipitation (Dewalle and Swistock, 1994; Appelo
et al., 1993). Using C1~ as tracer the excess of Na™
(mequ) was -0.036, this sodium deficit value is
consistent with the ratio of these ions in sea salt, as
expected from a previous report that Na¥/CI™ ratios
remain similar to sea water in coastal areas of different
sites of the world (Appelo et al., 1993).
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Fig. 1. Single regressions (n = 25) for net below canopy fluxes (kg ha™ D) against event quantity (EQ) (mm), with the regression coefficients for

each of the studied ions.

3.3. Regressions

We attempted to separate the external and internal
contributions, of each element independently, to the
net below canopy fluxes, using the method proposed
by Lovett and Lindberg (1984). This method consists
of a regression model that treats canopy exchange as a
statistically explainable phenomenon, estimating total
dry deposition—including both gases and particles—
and canopy leaching on net below canopy fluxes.
Following the method of Capellato and Peters (1995),
before assessing with a multiple regression model
(Lovett and Lindberg, 1984), a simple regression was
performed to examine whether individual indepen-

dent variables could account for the variability in net
below canopy fluxes and whether the variables used in
this model ADP and event quantity, were the best
subset of those tested (Figs. 1 and 2).

ADP, event quantity, and other variables such as
event duration, mean rainfall intensity, and intercep-
tion evaporation were also examined (Table 2).
Interpretations of results are based on the relative
importance of canopy leaching and dry deposition to
net below canopy fluxes. The best fit linear relation-
ship was chosen based on the 2 values, showing the
absence of an irregular removal of dry deposition
from canopy surfaces or a non-linear internal
leaching.
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Fig. 2. Single regressions (n = 25) for net below canopy fluxes (kg ha™') against ADP (days), with the regression coefficients for each of the

studied ions.

The dry deposition accumulated prior to a storm
and washed off by a subsequent rainfall event (Lovett
and Lindberg, 1984) was assumed to be proportional
to the ADP. The ADP was only significant for N—NOj;
and S—SO,. Because canopy leaching occurs primar-
ily by exchange and diffusion of constituents from a
leaf (Lovett and Lindberg, 1984), and is lost from the
free space or apoplast due to rainfall (Lovett and
Lindberg, 1984; Kozlowski and Pallardy, 1997),
variables related to the hydrological fluxes (event
quantity, event duration, mean rainfall intensity and
interception evaporation) were assumed to be pro-
portional to canopy leaching (Lovett and Lindberg,
1984; Veneklass, 1990; Capellato and Peters, 1995).

We found a clear positive correlation between net
below canopy flux and event quantity, for most ions,
with the exception of H', PO;  and NO;. We
obtained poor significant correlations of net below
canopy fluxes with the mean rainfall intensity for
Ca’*, Mg?", K*, Na', ClI” and DOC and the
correlation coefficient values were always less than
that obtained for event quantity. Results of the
correlation between interception evaporation and net
below canopy fluxes were similar to those obtained
between event quantity and net below canopy fluxes.
For all ions for which there was a correlation between
event quantity and net below canopy fluxes, no
correlation was found between event duration and
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Table 2

Statistics of simple regression for net below canopy fluxes NBCF (kg ha™! yr) against different variables: ADP (days), event quantity (EQ) (mm), interception evaporation (/) (mm),

event duration (ED) (in h), and mean rainfall intensity (MRI) (mm h™ ")

PO;~ DOC

3

H" Ca®t Mg>t Nat K" CO;H™ cl- Neorm NO

Element

Variable

n.s. n.s.

k%

n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Significance

ADP

—0.353
wokk

0.262
n.s.

—0.515

n.s.

—0.450

Kk

—0.383
ok

—0.053
ok

0.021
ok

—0.346

ok

—0.382

ook

—0.335

—0.039

n.s.

Significance

EQ

0.610 0.512 0.781 0.701 0.617 0.614 0.031 0.215 0.776

0.816

—0.198

0.265

0.007 0.043 0.059 0.149 0.095 0.003

0.016

<

—1.820

stk

—0.121

Kk

—2.77

ek

—3412
ok

—0.015
ok

—0.107 —1.181
w5k

—0.358
sk

J.R.

n.s.

n.s.

n.s.

Significance
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0.697
n.s.

0.251

—0.031

n.s.

0.574
n.s.

0.561
n.s.

0.688
n.s.

0.780

0.459
n.s.

0.558
n.s.

0.782
n.s.

—0.182

skoskosk

Significance

ED

0.237

—0.443

n.s.

—0.306

n.s.

—0.064

n.s.

—0.050

—0.161

—0.280 0.538
n.s.

—0.360

ook

0.120

0.655
n.s.

Significance

MRI

0.405 0.561 0.500 0.437 0.054 0.417 0.355 0.313 0.198 0.555

0.171

Regression coefficients a and b. Significance of the regression coefficients: ***P < 0,001; **P < 0,01; *P < 0,05 and n.s. not significant.

net below canopy fluxes, except for K*. P-PO, and
H', which had no correlation with other tested
variables, had correlation with event duration and
net below canopy fluxes.

Results from a stepwise multiple regression
analysis using net below canopy fluxes (kgha '),
and five independent variables namely: ADP, event
quantity, mean rainfall intensity, interception evapor-
ation and event duration, indicate that ADP and event
quantity were the best two-variable predictors for
SO; ™. Only the results for SOF support the use of
Lovett and Lindberg’s (1984) multiple regression, as
follows: NBCF = aEQ + bADP + ¢ where NBCF is
net below canopy fluxes, EQ is event quantity (mm)
in a period of time (weeks in our case) and an
ADP, antecedent dry period (days in our case).
We obtained the following relationship:
NBCFE(SO37) = 2.57 X 107°EQ — 3.14x 10" ?
ADP — 6.47 X 107", regression coefficients signifi-
cant at a P =0.01 and b P = 0.05; the adjusted
correlation coefficient for the regression was r> =
0.58. Regression coefficient a represents the crown
leaching rate (kilograms per hectare per millimetre of
precipitation) and b represents the dry deposition rate
(kilograms per hectare per millimetre). Because of the
difficulty in interpretating results obtained by this
method (Lovett and Lindberg, 1984) it was only used
for qualitative (and not quantitative) assessment of
those elements which have more importance in dry
deposition.

4. Discussion

The net below canopy fluxes were lower than those
found in other forests (Aboal, 1998). This indicates
that both scavenging dry deposition and canopy
leaching were small and had minimal effects in the
forest studied. Such a large number of constituents
with negative fluxes has not previously been reported.
There have been previous reports of negative net
below canopy fluxes in an annual cycle for NO;5
(Steinhardt, 1979; Lindberg et al., 1986; Foster and
Nicholson, 1988; Shephard et al., 1989; Veneklass,
1990; Neary and Gizyn, 1994; Shibata and Sakuma,
1996), for HY (MacDonald et al., 1993; Matzner and
Meiwes, 1994; Neary and Gizyn, 1994; Capellato and
Peters, 1995; Shibata and Sakuma, 1996), and for C1



J.R. Aboal et al. / Journal of Hydrology 264 (2002) 201-212 209

(Shibata et al., 1995). There are also previous reports
of negative values for SOF (Capellato and Peters,
1995; Johnson and Lindberg, 1991). Interpretation of
these negative fluxes varies among different authors.
These ions can be retained by the canopy surfaces, and
possibly washed off by a subsequent strong precipi-
tation event (Neary and Gizyn, 1994) or absorbed by
leaves, twigs (Kozlowski and Pallardy, 1997) and
stems (Katz et al., 1989; Mitterhuber et al., 1989;
Cape, 1993).

The remaining elements had positive fluxes.
Special attention must be paid to Na™, an element
considered to be inert with respect to the canopy
(Ferm and Hultberg, 1995a,b), and since the net below
canopy fluxes for Na* were very low, this confirms
the minimum effect of canopy scavenging dry
particles.

The net below canopy fluxes values of K+ and
HCO; were high (the latter probably because the
analytical method, for HCOj; includes organic
compounds, borate, phosphate, silica and other basic
compounds). The negative net below canopy fluxes
for HY was possibly due to the ability of the forest
cover to neutralise acidic inputs, through surface
cation exchange (Reiners and Olson, 1984; Lovett
et al., 1989), the latter which explains cation leaching
and positive net below canopy fluxes. Surface ionic
exchange occurs especially with monovalent cations,
such as K™ as in the present study, which is readily
leached and is the most mobile element in the canopy.
The divalent cations (e.g. Ca’™, Mg2+) (Cape, 1993),
are more strongly bound (Kozlowski and Pallardy,
1997). The sign of the H" fluxes will thus depend on
the pH value, as demonstrated by our results.

The low net below canopy fluxes (except for K1)
were responsible for the small number of differences
among total inputs corrected by the additional inputs
(calculated on the leaching factor basis), which again
could be interpreted as the reduced effect of canopy
surfaces on scavenging atmospheric deposition.

Results of the regressions showed a positive
correlation between net below canopy fluxes and
ADP for NO; and for SO?{, similar findings have
previously been reported for the latter ion (Eaton et al.,
1978; Lovett and Lindberg, 1984; Lindberg and
Lovett, 1992). Both are usually primary constituents
of dry deposition. This leads to believe that the effect
of dry deposition on net below canopy fluxes for these

substances is due to the differential effect of forest
canopy scavenging processes. The lack of significant
results for the ADP again confirms the reduced effect
of canopy surfaces in scavenging atmospheric depo-
sition of these chemicals in this forest ecosystem.

Clear positive correlations between net below
canopy fluxes of most elements and the hydrological
variables suggest that the leaching process is domi-
nant in most cases. event quantity was a statistically
significant predictor, implying higher leaching
amounts in periods with abundant precipitation
(Table 2). However, a resultant spurious correlation
is possible because the regression of event quantity
with the net below canopy fluxes was carried out on
the basis of the same event quantity (which is used to
calculate net below canopy fluxes). Furthermore,
these correlations depend on there being precipitation
events of more than 100 mm; without these, even
though the slope and the intersection with the x-axis
are similar, statistical significance is lost. It therefore
appears that these large events favour the leaching
process, confirming the conjecture that there is higher
leaching in periods of abundant precipitation. Other
ions showed no significant relationships (H*, PO;~
and NO;), a finding also described by Neary and
Gizyn (1994). The probable reason for the close
agreement between the correlations of net below
canopy fluxes vs event quantity and net below canopy
fluxes vs Interception, was the typical direct relation
occurring between both variables: interception and
event quantity. The influence of mean rainfall
intensity on net below canopy fluxes has also been
described previously (Potter et al., 1991; Lovett and
Schaefer, 1992; Crockford et al., 1996). Assuming
that event duration is also related to canopy leaching,
the behaviour of P-PO, and H" net below canopy
fluxes (take up or release through the canopy) can also
be explained on this basis.

Absence of a significant correlation of between the
ADP and the net below canopy flux hydrological
variables may be due to different factors: (i) canopy
absorption which confuses these relationships (Crock-
ford, 1996); (ii) canopy structure; (iii) the effect of
pools of water forming on the leaves; or (iv) the
variation in composition and amount of atmospheric
deposition.

Both the leaching rates and the effect of canopy
surfaces in scavenging atmospheric deposition are
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dependent on the vegetation type and density, and
increase with canopy surface area and with the degree
of forest development (Striegel et al., 1994; Crockford
et al., 1996; Schaeffler and Jacobson, 1996). In the
present study, the forest was characterised by a very
homogeneous tree height, high LAI value, no gaps, by
the leaves being big and positioned almost parallel to
the floor. This means that a small canopy surface area
(similar to a bulk precipitation collector), can
influence the reduction effect of canopy surfaces in
scavenging atmospheric deposition. The capacity of
nutrient losses by foliar leaching also varies among
species. Leaves with a thick waxy surface are wetted
and leached with difficulty (Kozlowski and Pallardy,
1997). The laurel forest tree leaves have highly
developed thick cuticles, a factor that explains the
small net below canopy fluxes found in the present
study. There were also relatively small nutrient losses
by leaching from healthy leaves, similar to those of
other forests studied (Kozlowski and Pallardy, 1997).

The effect of forming pools, with retention of some
elements, creates a time lapse between the arrival of
the dry or wet deposition and the entry as net below
canopy fluxes. These pools can only be removed only
during heavy storms, therefore a critical amount of
water is required to remove dry deposition completely
(Neary and Gizyn, 1994). The ADP not only provides
for the deposition of dry particles and gas, but also for
the replenishment of the canopy nutrient pool (Lovett
and Schaefer, 1992; Capellato and Peters, 1995).
Thus, the net ion flux depends on the amount of
material left on the canopy from a previous event
relative to the amount remaining on the canopy after
an event (Neary and Gizyn, 1994).

An interesting implication of the linear relation-
ships between event quantity and net below canopy
fluxes was the regression line intercepts. In contrast
with those of other canopies, where line intercepts did
not differ significantly from zero (Veneklass, 1990;
Capellato and Peters, 1995), all the ions in the
Canarian laurel forest differed significantly from
zero. This may be explained by the retention of
some elements, such as Ca’" or Na® not largely
involved in the plant biomass, suggesting some
mineral immobilisation by precipitation in temporary
pools, which would be removed only during heavy
storms (Domingo et al., 1994). These elements (and
others) required large volumes of water for their

removal (e.g. Ca®" and Na® required 22.2 and
27.5 mm, respectively, to be leached (y = 0) (Table
2)). If we consider Na™ as an inert ion with respect to
the canopy, this can only be explained by the
formation of these pools. However, it may also be
due to evaporation process, where some water
inevitably remains on the canopy after the event,
and as it evaporates leaves the associated ions (Neary
and Gizyn, 1994). The high value of the canopy
saturation (S) 2.45 mm (Aboal et al., 1999b), the
scattered rainfall pattern and the extreme value of the
interception losses (41.5%) of this forest may magnify
the latter factor. For other elements such as K and
DOC, the pattern was different due to their easily
leachable property. This pattern was consistent with
those described by Veneklass (1990) and Ferm and
Hultberg (1995a,b). This finding allows for a high
internal circulation of K' in trees, hence no
conclusions can be made concerning the dry depo-
sition trends of base cations with respect to K.

Finally, we know of the existence of terrestrial
sources of dry deposition in bulk precipitation (excess
of elements) in this ecosystem, mainly caused by dust
and particles coming from the Sahara desert (Aboal,
1998); we also know that canopy surfaces affect
scavenging atmospheric deposition in dusty atmos-
pheres, such as that of the studied site (Domingo et al.,
1994). Therefore the small effect of the canopy
scavenging dry deposition was due to canopy
structure or canopy absorption.

5. Conclusions

Net below canopy fluxes were found to have
annual negative fluxes for H*, NO5, SO, and CI™,
most of which have been reported previously, but not
all together for a single forest.

The relative importance of atmospheric deposition
and canopy leaching on net below canopy fluxes were
evaluated using different approaches, with similar
results. Therefore the effect on scavenging particles
by canopy was minimal. The NOj3 in net below
canopy fluxes came from dry deposition, the remain-
ing elements from leaching, and SOF~ from both.

Results of analyses which aimed to separate
internal and external sources, were optimal; we
found that a simple linear regression model with
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event quantity as the independent variable can readily
substitute the Lovett and Lindberg’s (1984) model.
This model was applied for separate internal and
external sources in the case of SOZZf.

This forest differed greatly from other previously
studied forests. Large amounts of water were required
for a positive flux (leaching), suggesting that the
negative net below canopy fluxes of some elements
were due to the low water regimes during the study
year. Possible causes of this behaviour were the high
value of the canopy saturation and the pattern of
scattered rainfall, which leads to extreme values of
interception losses. The intercept with the x axis for
the relationship between net below canopy fluxes and
event quantity, varied depending on the leachable
properties of the canopy ions (i.e. Ca*" and Na™).
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