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Abstract: Bulk/wet and throughfall fluxes of major compounds were
measured from June 2011 to June 2013 at four Mediterranean holm-oak
(Quercus ilex) forests in the Iberian Peninsula. Regression analysis
between net throughfall fluxes and precipitation indicated that the best
defined canopy process was leaching for K+ and uptake for NH4+ at all
sites. A more variable response between sites was found for Na+, Ca2+,
S042- and Cl-, which suggests that the interplay of dry deposition,
leaching and uptake at the canopy was different depending on site climate
and air quality characteristics.

A canopy budget model (CBM) was used to try to discriminate between the
canopy processes and enable to estimate dry deposition and uptake fluxes
at three of the sites that complied with the model specifications. To
derive N uptake, an efficiency factor of NH4+ vs. NO3- uptake (xNH4)
corresponding to moles of NH4+ taken up for each NO3- mol, has to be
determined. Up to now, a value of 6 has been proposed for temperate
forests, but we lack information for Mediterranean forests. Experimental
determination of N absorption on Quercus ilex seedlings in Spain suggests
efficiency factors from 1 to 6. Based on these values, a sensitivity
analysis for xNH4 was performed and the NH4 -N and NO3-N modeled dry
deposition was compared with dry deposition estimated with independent
methods (inferential modeling and washing of branches). At two sites in
NE Spain under a milder Mediterranean climate, the best match was

obtained for xNH4 = 6, corroborating results from European temperate
forests. Based on this wvalue, total DIN deposition was 12-13 kg N ha-1 y-
1 at these sites. However, for a site in central Spain under drier

conditions, variation of the NH4+ efficiency factor had little effect on
DD estimates (which ranged from 2 to 2.6 kg N ha-1 y-1 with varying
xNH4) ; when added to wet deposition, this produced a total N deposition
in the range 2.6 to 3.4 kg N ha-1 y-1. Dry deposition was the predominant
pathway for N, accounting for 60-80% of total deposition, while for base
cations wet deposition dominated (55-65%). Nitrogen deposition values at
the northwestern sites were close to the empirical critical load proposed
for evergreen sclerophyllous Mediterranean forests (15-17 kg N ha-1 y-1).



When organic N deposition at these forests is added (3 kg N ha-1 y-1),
the total N input to the sites in NE Spain are close to the critical
loads for Mediterranean evergreen oak forests.



*Highlights (for review)

A canopy budget model is used to estimate dry deposition and canopy uptake
A sensitivity analysis is carried out to determine NH4 canopy uptake

Dry deposition accounts for 60-80% of total N deposition in 2 oak forests in the NE Iberian
Peninsula
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Abstract

Bulk/wet and throughfall fluxes of major compounds were measured from June 2011
to June 2013 at four Mediterranean holm-oak (Quercus ilex) forests in the lberian
Peninsula. Regression analysis between net throughfall fluxes and precipitation
indicated that the best defined canopy process was leaching for K" and uptake for NH,"
at all sites. A more variable response between sites was found for Na®, Ca2+, S0,* and
ClI, which suggests that the interplay of dry deposition, leaching and uptake at the

canopy was different depending on site climate and air quality characteristics.

A canopy budget model (CBM) was used to try to discriminate between the canopy
processes and enable to estimate dry deposition and uptake fluxes at three of the sites
that complied with the model specifications. To derive N uptake, an efficiency factor of
NH;" vs. NO3 uptake (xNH,) corresponding to moles of NH," taken up for each NO;3’
mol, has to be determined. Up to now, a value of 6 has been proposed for temperate
forests, but we lack information for Mediterranean forests. Experimental
determination of N absorption on Quercus ilex seedlings in Spain suggests efficiency
factors from 1 to 6. Based on these values, a sensitivity analysis for xNH; was
performed and the NH4-N and NOs-N modeled dry deposition was compared with dry
deposition estimated with independent methods (inferential modeling and washing of
branches). At two sites in NE Spain under a milder Mediterranean climate, the best
match was obtained for xNH; = 6, corroborating results from European temperate
forests. Based on this value, total DIN deposition was 12-13 kg N ha™ y'1 at these sites.
However, for a site in central Spain under drier conditions, variation of the NH,"
efficiency factor had little effect on DD estimates (which ranged from 2 to 2.6 kg N ha™
y' with varying xNH4); when added to wet deposition, this produced a total N
deposition in the range 2.6 to 3.4 kg N ha™ y. Dry deposition was the predominant
pathway for N, accounting for 60-80% of total deposition, while for base cations wet
deposition dominated (55-65%). Nitrogen deposition values at the northwestern sites
were close to the empirical critical load proposed for evergreen sclerophyllous
Mediterranean forests (15-17 kg N ha™ y'l). When organic N deposition at these
forests is added (3 kg N ha™ y?), the total N input to the sites in NE Spain are close to

the critical loads for Mediterranean evergreen oak forests.
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1. Introduction

Atmospheric deposition has an impact on forest ecosystem functioning, forest health
and biodiversity. However, quantification of atmospheric total deposition is scarce for
Iberian Peninsula forests. In general, the lberian Peninsula is little affected by
acidification, partly due to the important neutralizing role of carbonate-rich dust
deposition from North African events (Avila et al., 1998; Roda et al., 1993). However,
this region is currently receiving substantial nitrogen (N) deposition (Aguillaume et al.,
2016, lzquieta-Rojano et al., 2016; Fowler et al., 2007) which is expected to increase in
the future (Dentener et al.,, 2006). Nitrogen deposition may adversely affect
biodiversity (Ochoa-Hueso et al., 2011; Phoenix et al 2006). The Iberian Peninsula has
been considered as one of the 25 Global Biodiversity Hotspots for conservation
priorities (Myers et al., 2000), and N deposition may exacerbate the threats to
biodiversity. In fact, N empirical critical loads established for the protection of
terrestrial habitats under the UNECE CLRTAP Convention (Convention on Long-Range
Transboundary Air Pollution) seem to be currently exceeded in some habitats of

Community interest of the Spanish Natura 2000 network (Garcia-Gomez et al., 2014).

Quantifying total atmospheric deposition entails some difficulties. Wet (WD) and bulk
(BD) atmospheric deposition can be directly measured by using wet-only or bulk
collectors. However, the estimation of dry deposition (DD) is still challenging.
Throughfall (TF) deposition has been widely used to indicate total deposition (TD) to
the forest soil (De Schrijver et al., 2007). However, exchanges at the canopy level,
either from leaching or uptake, complicate the quantification of DD. Methods for
separating in-canopy sources from external sources in TF deposition rely on two broad
type of approaches: 1) regression models relating net throughfall fluxes (netTF) and
rainfall, such as those described by Lovett and Lindberg (1984) and Lovett et al. (1996),
and 2) canopy budget models (CBM) such as the one first proposed by Ulrich (1983)
and subsequently extended by several authors (Adriaenssens et al., 2012; Balestrini
and Tagliaferri, 2001; Draaijers and Erisman, 1995; Zhang et al., 2006). Canopy budget
models estimate total deposition of major ions by using a tracer ion, based in the

following assumptions: (1) the tracer ion is not influenced by canopy exchange
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processes, and (2) aerosols containing the other ions have similar deposition behavior

than the ion chosen for reference.

The model is based on the balance between fluxes above and below the canopy: TF =
PD + DD + CE, where PD stands for precipitation deposition (which can be wet or bulk
deposition) and CE for canopy exchange. Once DD is known, the CE flux can be
estimated from subtraction in the above equation. Negative values of CE are due to
canopy uptake (CU) while positive values, to canopy leaching (CL). Some ions do not
comply with the above assumptions (e.g. NH;" and H*), and DD cannot be estimated
with this approach. In this case, the calculation process is reversed: first the CE flux is
estimated and then DD is obtained from the balance equation (Staelens et al., 2008;

ICP-Forest Manual, 2010).

Up to now, and to our knowledge, no studies have applied the canopy budget model
to determine dry deposition and canopy exchange in Mediterranean European forests,
in contrast to various studies in temperate and boreal European forests (Adriaenssens
et al.,, 2012; Kirchner et al., 2014; Staelens et al., 2008; Thimonier et al., 2005).
Moreover, in the Mediterranean as in other aridic regions, DD may be very important
(Garcia-Gomesz et al., 2014). For N, canopy uptake can be biogeochemically significant
because N has been found to limit productivity in Mediterranean forests (Roda et al.,
1999), foliar N uptake for Quercus ilex and other Mediterranean species has been
demonstrated experimentally (Uscola Fernandez et al., 2014), and foliar nutrition has

been found to play relevant role in forest productivity (Sparks, 2009).

Holm-oak (Quercus ilex L.) is a typical broadleaf evergreen sclerophyllous tree widely
distributed in the Mediterranean Basin, whose traditional management has led to a
diversity of forest types differing in structure and maturity. Nitrogen DD has been
found to make an important contribution to total deposition inputs in Mediterranean
forests as derived from modeling exercises (Garcia-Gomez et al., 2014) or from branch
and surrogate surfaces washing experiments in holm-oaks (Avila and Roda, 2012;
Rodrigo and Avila, 2002). In spite of this research, more work is needed to define
atmospheric N inputs to the Iberian Peninsula, as model predictions presented a poor

match with measurements in some regions, notably for the Northeastern Iberian
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fringe (Garcia-Gomez et al.,, 2014), and measurements of deposition in the Iberian
Peninsula (e.g. Camarero and Catalan 1996; Morales-Baquero et al., 2006; Sanz et al.,

2002) comprise a low spatial coverage.

This work attempts to fill this gap by modeling DD of the major ions in Iberian
Peninsula holm-oak forests with a canopy budget model, with a special focus on N
deposition. Total N deposition (obtained from the sum of dry plus wet deposition) will
then permit to assess the status of these forests regarding the N critical loads

proposed for Mediterranean sclerophyllous forests.
2. Material and methods
2.1 Locations and experimental sites

The study was conducted at 4 holm-oak forests (Quercus ilex L.) in the north, center
and north-east of the Iberian Peninsula (Fig. 1). Two sites were located in Catalonia (La
Castanya and Can Balasc, LC and CB respectively), one in Madrid (Tres Cantos, TC) and
another site in Navarra (Carrascal, CA). The main characteristics of the sampling sites

are shown in Table 1.

The LC site (419246’N, 2921’E, 696 m.a.s.l.) is located in the Montseny Mountains of the
Pre-littoral Catalan Range, 40 km to the NNW of Barcelona city. This site is considered
as a rural background station, even though pollution from the Barcelona metropolitan
area may reach it transported by sea-land breezes (Pérez et al., 2008). Vegetation at LC
consists of a closed canopy forest dominated by holm-oak (Quercus ilex L.) trees.
Lithology at this area is composed by schists and granodiorites. Climate is
Mediterranean, with a clear seasonal cycle with lower precipitation in summer and

winter.

The CB site (41225’N, 2204’E?, 255 m.a.s.l.) is located in the Collserola Natural Park, a
protected lying to the west of the Barcelona Metropolitan Area (3.5
million inhabitants). The plot lies at 4 km linear distance from Barcelona outskirts. A
moderate to heavy traffic highway (C-16) runs about 150 m from the study plot.

Vegetation at CB is characterized by a continuous cover of holm-oak (Quercus ilex L.)
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mixed with Quercus humilis Mill. Lithology consists of shales and slates with granitic

outcrops. Climate is Mediterranean.

The CA site (42239’N, 1238’'W, 645 m.a.s.l.) is situated at the foot of the Alaitz-lzco hills,
in central Navarra. The nearest larger city, Pamplona (197 604 inhabitants) is 15 km to
the North. The site lies at ~100 m from a heavy traffic highway (AP-15) and is
surrounded by fields of irrigated cereal. An opencast limestone quarry is located
approximately 2 km to the north of the plots. The forest comprises mostly Quercus
ilex L. trees with scattered Quercus faginea Lam. and Quercus humilis Mill. individuals.
The site lies on calcareous soils mainly composed by washed clays. The climate at CA is

Mediterranean continental with oceanic influence from the Atlantic sea.

The TC site (40235’N, 3243’W, 705 m.a.s.l.) is located 9 km NE from Madrid outskirts
(3.2 million inhabitants). The site lies in the north-eastern border of the holm-oak
forest of El Pardo, which extends over an area of 170 km? and is a protected area.
Vegetation was historically managed as a traditional ‘dehesa’, a savannah-type
managed formation of low density isolated trees. The low management level during
the last decades has allowed the vegetation to grow as an open forest with an
understory of shrubs and grasslands. Lithology is composed by sandy arkoses
sediments from granites and gneisses. A moderate to high traffic intensity highway (M-
607) is located at 2 km from the monitoring site. The climate is continental
Mediterranean, characterized by long dry periods and a more contrasted seasonality

than the typical Mediterranean climate.
2.2 Field sampling and chemical analysis

In every location, an open-field (for WD and BD) and a below-canopy plot (for TF) were
instrumented. The same model of sampler was used to collect bulk and throughfall
deposition at all sites. It was composed of an ISO-standardized funnel (Norwegian
Institute for Air Research, NILU) with a 314 cm™ horizontal interception surface,
connected to a polypropylene 2 L bottle. A bugsieve was placed at the funnel neck to
prevent leaves and other materials from entering into the bottle. The upper edge of
the funnel was equipped with an external ring to prevent contamination from bird

droppings. The rim of the funnel stood approximately at 1.5 m above ground level. For
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bulk sampling, two collectors were used per site at LC and CB, and 4 at CA and TC. For
throughfall sampling, 12 collectors were used at all sites; they were randomly located
in a forest plot of 30¥30 m? at LC, CB and CA. At TC, which had a more open canopy,
each collector was placed in the mid-distance between the trunk and the canopy
border in 12 trees encompassing the range of diameters. Collectors were permanently
open to the atmosphere, so they collected dry deposited coarse particles onto the
funnel. During no-rain periods the funnel was rinsed with 100 ml of deionized water in
order to collect particles that settle gravitationally, corresponding to coarse dry
deposition. The recovered dry deposition during dry periods made a low contribution
to the total bulk deposition, but nevertheless it was added to BD and TF deposition
collected in the next period. WD was also measured at LC and TC in the open-field plot,
by means of an automatic Andersen sampler (ESM Andersen instruments, G78-1001)
at each site. All funnels and WD buckets were thoroughly cleaned in the field with
deionized water after each sampling. Bulk and throughfall sampling bottles were
retrieved and replaced by clean ones at each site. Field blanks (recovered distilled
water after rinsing the funnels and buckets in the field) were periodically obtained and

analyzed.

Sampling took place from June 2011 to June 2013 in a weekly schedule (biweekly in
case of rainless weeks). All collected samples were kept refrigerated (42C) in the
darkness until analyzed for conductivity, pH and alkalinity (within 24-48h of
collection). Alkalinity was measured by a conductivity titration (Golterman et al., 1978)
at LC, CB, and TC and Gran titration at CA. Samples were filtered with 0.45 um size
pore membrane filters of cellulose (Millipore) and frozen until analysis. The ionic
measurements from the LC and CB were performed at CREAF by ionic chromatography
as described in Izquierdo and Avila (2012). In samples from CA and TC, ammonium and
anions were determined by ion chromatography, whereas cations were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) as described in lzquieta-

Rojano et al. (2016).

Analytical accuracy was checked with internal control samples of known
concentrations, with differences being lower than 10% except for K and NH," (12 and

15%). The balance of the sum of cations vs. the sum of anions was also scrutinized. A

7
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systematic excess of cations was found in all sample types, especially for TF. Since the
analytical accuracy was acceptable, the anion deficit was attributed to the anions of

weak acids, as done elsewhere (Balestrini and Tagliaferri, 2001; Hoffman et al., 1980).

2.3 Data handling and statistical analysis

Annual mean concentrations were calculated as volume-weighted means (VWM,
expressed as peq L™). Annual WD, BD and TF fluxes were obtained as the product of
their respective VWM by the annual precipitation (for WD and BD) or throughfall

volume for TF fluxes.

Precipitation-ion and pair-wise ion relationships were analyzed with Spearman

regressions using weekly/biweekly data.

Model calculations in the CBM were performed in terms of equivalents (in meq m'zy'l)
and were then transformed into kg ha™ y™. The CBM is based on the following balance

between fluxes above and below the canopy:

TF+SF =PD + DD + CE (1)

where TF stands for throughfall, SF for stemflow, PD for Precipitation Deposition, DD
for Dry Deposition and CE for Canopy Exchange. Canopy exchange can arise from
leaching of ions from the leaf pool (canopy leaching, CL) or from the uptake of

deposited ions (canopy uptake, CU).

Stemflow at the LC site contributed only 3% of total rainfall (Rodrigo et al., 2003) and
because of its small contribution and to optimize sampling time and efforts, SF was not
measured in this study. Regarding PD, either WD or BD can be used, but WD is
recommended (Staelens et al., 2008) since BD includes the fraction of DD

corresponding to coarse particle deposition.

Then,
TF-WD =net TF=DD + CE (2)
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In this study we have used WD measurements at LC (measured in parallel to BD), and
applied the ratio WD/BD from this site to derive WD fluxes at CB which is only ~ 40 km
distant. For TC, WD and BD measurements were available for 6 months (January to
June 2013), and the ratios WD/BD for this period were applied to the 2011-2013
period (Table 2). To ascertain the validity of a short term period to infer yearly ratios,
we took advantage of the data series at LC. BD/WD ratios at LC from January to June
2013 were compared to the annual values (June 2012 - June 2013) with an unpaired
Student t-test, and differences were non-significant (p>0.05) for all ions, except for H*
and alkalinity. While acknowledging a degree of uncertainty due to site differences, we
have considered this result to back up the use of the half-year ratios at TC. At CA, only
bulk deposition measurements were available, and because of the probable influence
of local agriculture and due to the carbonate lithology at this site, WD/BD ratios from
the other sites were considered not to apply for CA. Therefore, CBM calculations were

not performed at CA.

For ions such as Na*, SO,> and CI" it is often assumed that the exchange between
precipitation and plant tissue is negligible and that their netTF fluxes represent their
dry deposition; i.e., they are considered as tracer ions. However, in this study we have
chosen Na®as tracer since it is the most commonly recommended tracer (Staelens et
al., 2008) and previous research in the LC forest has shown it to be mostly derived

from dry deposition (Rodrigo et al., 2003 ).

To obtain DD of an ion x (DDy), the dry deposition factor based on Na* (TFna - WDy, /

WDys,) is multiplied by the WD of this particular ion:
Dsz(TF'WD)Na/WDNa)*WDx (3)
This approach is quite straightforward for estimating DD for base cations and sulphate

aerosols, assuming that the particles containing them are deposited at similar

deposition velocities as the Na” particles.
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For N to in its reduced or oxidized forms, which are mostly present as gases at the
study sites (Garcia-Gomez et al., 2016), the above assumptions do not hold and other
approaches must be implemented. Furthermore, N compounds are known to be
retained at the canopy level (and H" as well), thus netTF does not represent DD or
canopy leaching (Brumme et al., 1992; Ferm, 1993; Geller et al., 2002). It has been
proposed (Balestrini and Tagliaferri, 2001; Staelens et al., 2008) that the NH,"
exchange flux can be estimated by considering that its canopy uptake equals the
canopy leaching of base cations (the sum of leaching of Ca®*, Mg?* and K') once
corrected by the anion leaching (Staelens et al., 2008; Zhang et al. 2006). Several
studies have only taken into account the leaching of anions of weak acids
(corresponding to HCO3 and organic acids in the form of RCOO) to compensate base
cation leaching (Adrianssens et al., 2012; Balestrini and Tagliaferri 2001; Thimonier et
al. 2005). Our data suggested that Cl" was also leached from the canopy, thus, it was
also included in equation 4 (CL ¢- ) as suggested in Staelens et al. (2007). Evidence of

Cl leaching in our study sites was indicated by the correlation analysis (Section 3.2).

Uptake of NH," has been then equated to:

CU nhat = Clpe — [CL c-+CL wa] (4)

Where CU yua+ = canopy uptake of NH,*
CL,. = Canopy leaching of base cations
CL 2 = Canopy leaching of anions of weak acids

CL ¢- = Canopy leaching of Cl.

The leaching of anions of weak acids (CL ., ) was calculated based in eq. 2 as CLy, =
TFwa — WDy, - DDy,5. Thus, an estimation of the concentrations of anions in weak acids
in TF, WD and DD was required; however, the concentrations of bicarbonate and
organic acids were not measured directly in these water fluxes. Several methods
exist to estimate the concentrations of weak acids in water samples (Staelens et al.
2008). One of the mostly used is the ion charge balance, the difference in
concentration of major cations minus strong acid anions (De Vries et al., 2001) and is

10
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the procedure we employed here to estimate WD,,, and TF,,,. For DD,,,, the same

procedure as with the other ions was considered, based on equation 3.

Once CU of NH," is obtained, and assuming that there is no leaching of NH,", the NH,"
DD flux can be derived from equation 2. Besides, there might be also NO3™ canopy
uptake and a further step is therefore needed to estimate the NO3 canopy retention
flux. For this, we followed an approach that considers a proportional uptake of NOj3

related to that of NH,":

CU (Ha' + n03 )= [ XNHg" - (TF nua™ + TF no3 ) / X NHg - TF s’ 1+ CUnwa” (5)

An efficiency factor of NHs" vs. NO;™ uptake of 6 (x NH,* = 6) has been generally
applied for temperate forests (de Vries et al., 2003). For Mediterranean vegetation,
the experimental work of Uscola Ferndndez et al. (2014) has shown this factor to vary
in the range 1 to 6.5. Thus, here xNH," has been here varied between 1.5 to 6 based
on literature proposed values (De Vries et al., 2003; Schmitt et al., 2005; Thimonier et
al., 2005; Uscola Fernandez et al. 2014; Zhang et al., 2006).

Finally, to maintain the charge balance, CU of H* was equated to the uptake of NO3’

(Stachurski and Zimka, 2002; Staelens et al., 2008).

The CBM calculations considered the average fluxes for the 2 years at all sites. The dry

deposition factor based on Na* varied between 0.5 at CB to 0.8 at TC.

For a further check of the N compound DD estimates from the CBM, the modeled
values were compared with those obtained with two independent methods: inferential
modeling and washing of branches. The inferential method is a combination of
measurement and modelling that involves indirect estimation of dry deposition rates
on the basis of routinely measured air concentrations and meteorological parameters.
The method is based on an assumed steady-state relationship F = V4 * C, where the dry
deposition flux or rate (F) is a product of the dry deposition velocity (V4) and the

concentration (C) of an airborne pollutant.
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For inferential calculations we have used the gas and particle atmospheric information
of N compounds from Garcia-Gémez et al., (2016) which sampled gases (February 2011
to February 2013) and aerosols (February 2012 to February 2013) during periods
encompassing the period of throughfall measurements, while V4 values were selected
from literature reports of deposition unto forests: for NH; and HNOs, 2.0 cm s_l; for
NO and NO,, 0.1 cm s™%, from Holland et al., (2005), Kalina et al., (2002), Krupa (2003)
and Muller et al., (1993). Particulate nitrate and ammonium was not included in these
calculations. A study in NE Spain indicates that particle N deposition can represent 4-

8% of total N dry deposition (Avila and Roda, 2012).

Branch washing was performed as described in Rodrigo and Avila (2002). In brief, 8 to
10 top holm oak branches were obtained at LC during rain-free periods in 1996 and
again in 2016. Collected branches were included in a plastic bag carefully keeping
branch tips out of the bag and were rinsed for 3 minutes with distilled water. The
branch foliar surface was measured at CREAF with a Li-Cor 3100 area meter, and the
liquid samples from the washes were filtered and frozen until analysis. Analytical

routine was similar to the one for BD, WD and TF sample types.

3. Results and Discussion

3.1. Water and nutrient fluxes

The annual BD and TF water fluxes are shown in Table 3. Rainfall amount differed
markedly between the studied sites, with TC being the driest site. These differences in
rainfall amount are explained by the climatic characteristics of the study regions and
are in accordance with the precipitation patterns and inter-annual variability in Spain
(Rodriguez-Puebla et al., 1998). TC, located at the center of the Iberian Peninsula is
under a continental Mediterranean climate, drier and colder than the coastal
Mediterranean. By contrast, the CA site receives an important oceanic influence from
the Cantabric Ocean while the sites in NE Spain are influenced by the Mediterranean
Sea. Throughfall water volume represented on average a 66-77% of precipitation

(Table 3). The lowest percentage was at TC, which can be explained by lower weekly
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precipitation which would favor higher interception. Since BD and TF fluxes depend on
the amount of precipitation, lower BD and TF fluxes were found at the driest TC site

compared to the other sites (Table 3).

Calcium, followed by CI" and K*, were the most abundant ions transferred to soils
through bulk and throughfall deposition. Except for NH4-N (and for SO4-S at TC where it
was near zero), TF fluxes were always enriched in relation to BD and thus, netTF fluxes
were positive (Table 3). The negative netTF of NH4-N indicates that retention within

the tree crowns is greater than any DD that may have occurred.

Alkalinity fluxes were higher than those of H*, indicating the non-acidic nature of
deposition at these sites probably due to the neutralizing role of bicarbonate dust
deposited on leaves (Rodrigo et al. 2003), even at sites with non-calcareous litologies
such as in LC, CB and TC. When acid and alkaline episodes alternate in a year, as was
here the case at all sites, the conservative variable that indicates the acid status of the
solution is the net alkalinity instead of H* (Liljestrand, 1985; Stumm and Morgan,
1981). Therefore, H' fluxes are given here only for comparison with other studies.
Alkalinity fluxes in TF about doubled those in BD, and presented very higher
enrichments at CA, suggesting the washing of calcareous soil dust deposited on the
canopy at this site that may derive from the calcareous nature of soils, the influence of
fugitive emissions from a nearby quarry and the important resuspension of soil dust
due to a windy meteorology. Consistently, calcium TF and netTF fluxes were higher at
CA than at the other sites. Also, at this site, the influence of the intense agricultural
activities in its surroundings was reflected in NH4-N fluxes in BD and TF higher than at

the other sites (Table 3).

Bulk and TF deposition of anthropogenic related compounds were not negligible at LC,
being similar to fluxes at CB and CA (Table 3). Thus, this site, which a priori was
considered as a background station, is receiving similar loads of pollutants than sites
closer to traffic and urban pollution. This suggests the influence of pollutants carried
by rain from regional and long-range transport to the Montseny Mountains, as already
found for aerosols (Pérez et al. 2008; Pey et al. 2009). The forest close to Barcelona

(CB) registered the highest NO3-N and SO;4-S netTF loads (Fig.2), suggesting higher dry

13



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

deposition, which is consistent with its higher concentrations of gaseous pollutants
(NO,, HNO3) found at this site compared to the other sites of this study (Garcia-Gémez
et al., 2016).

3.2. Main canopy processes

In order to understand and describe canopy processes, the correlations between
weekly/biweekly rainfall amount and net TF fluxes were explored. It has been
proposed that, for individual events, a positive correlation between net throughfall
and rainfall amount will indicate leaching, a negative correlation will indicate uptake,
while the absence of correlation may be attributed to dry deposition (Balestrini and
Tagliaferri, 2001; Kopacek et al., 1997; Lovett and Lindberg, 1984; Rodrigo et al., 2003).
This approach is based on the assumptions that dry deposition is completely and
quickly removed from the canopy by the rain and that foliar leaching proceeds
unstopped as precipitation washes the leaves, being therefore correlated to the

amount of rain.

The results of Spearman correlations between rainfall amount and netTF fluxes (Table
4) showed a consistent behavior at the 4 sites for some elements (K*, NHa-N, SO4-S)
and marked differences for other elements (NOs-N, Na*, CI, Ca®* and Mg?*). Based on
the previous assumptions, K* in netTF should derive from leaching (positive
relationship with p<0.05), NH4'-N should result from uptake (negative relationship
with p<0.05, except at CB where p<0.1), and S0,%-S would derive from dry deposition
(non significant relationships). For NOs-N, results suggested uptake at LC and TC (the

later with p<0.1), but leaching at CA and dry deposition at CB.

On the other hand, for Na*, Ca®*, Mg?* and CI, highly significant positive relationships
were found at CA and TC, while they were non-significant at LC and CB (Table 4).
Therefore, results at the Catalan sites would suggest dry deposition for these
elements, which is consistent with previous research in Montseny (Rodrigo and Avila,
2002; Rodrigo et al., 2003). However, results at CA and TC suggested leaching of these

ions from internal canopy pools, which is a non-expected result.
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This unexpected result may derive from the fact that the above approach has been
usually employed to describe canopy processes in temperate forests, but under the
Mediterranean drier climate the relationships between net throughfall and rainfall
may be complicated by the fact that events with low precipitation may not provide
enough water to wash the accumulated dry deposition from previous events, or that
small events may evaporate leaving their content to be washed in future rainier
events. This may be the case at the driest site TC (annual precipitation of only 346 mm
during the study period, half of that at CB and CA and one third of that at LC and
showing the highest water interception rates). On the other hand, CA received very
high amounts of dust deposition and the amount of weekly rain might not have been
enough to wash all the deposited material in some sampling periods. Therefore,
positive relationships for Na*, Ca’*and NO; ™ that conventionally would be interpreted
as leaching, in these cases may in fact indicate a delayed washout of dry deposition
due to low rain amount and elevated dry deposition. This casts doubts on the

application of the correlational procedure for semi-arid environments.

On the other hand, correlation results clearly suggested uptake of NH." by Quercus ilex
canopies at all sites. This is also corroborated by the significant negative relationships
between NH,'in netTF and BD fluxes (Fig. 3) suggesting NH, uptake by the leaves in
the canopy, since lichen and mosses are scarce in these forests. In this figure, outliers
above the regression line corresponded to rainfall events after long dry periods, thus
corroborating the mentioned assumption of dry deposition accumulation during dry

spells at the Mediterranean sites.

3.3. Estimating total atmospheric inputs with the canopy budget model

3.3.1. Base cations, Cl and SO,4-S

Dry deposition fluxes of Ca**, Mg?* and K" estimated with the CBM were, respectively,
6.5, 0.8 and 0.5 kg ha'ly’l at the Catalan sites (two-site means), and 1.3, 0.2, 0.5 kg ha’
y! at TC (Table 5). Values at the Catalan sites can be compared with those from a
previous study at the Montseny Mountains in which DD fluxes were obtained by
washing surrogate plates and branches (Rodrigo and Avila, 2002). For Ca”, DD fluxes

from the CBM were similar to those of the mentioned study when considering foliage
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washes (6.6 kg ha™ y*) but not when compared with plate washes (3.8 kg ha™® y). On
the other hand, CBM results for Mg2+ and K" were consistent with those from plate
washing (1.0 and 0.24 kg ha™y™) but not from foliage washing (2.0 and 18 kg ha™y™).
This indicated that foliage-washes better represent DD since branches are organized in
the three dimensions of the canopy, except for K* and Mg?** which are strongly leached
ions (Parker 1983; Tukey, 1970). Dry deposition of base cations (Ca**, Mg* and K)
contributed 40, 34, and 45% of their total deposition at LC, CB, and TC, respectively.

Thus, for base cations, wet deposition was the dominant deposition pathway.

Potassium was the most leached base cation (Table 5), which was consistent with the
correlational analysis as K" netTF fluxes always presented the highest correlation
coefficients with precipitation (Table 4). Leaching of K" is a common result in TF studies
(Langusch et al., 2003; Likens et al., 1994; Tukey, 1970; Vitousek and Sanford, 1986). In
general, K* leaching is accompanied by weak acid leaching and/or K’ ions are
exchanged cations, typically NH," (Stachurski and Zimka, 2002).

Dry deposition of SO4* -S ranged between 0.8 to 1.7 kg ha™y ™ at the study sites. At LC,
S0~ canopy exchange was near zero, indicating DD as the main netTF component at
this site. At CB and TC, the CBM indicates leaching and uptake, respectively, with the

leached/ taken up amounts of similar size as dry deposition (Table 5).

The CBM indicated that canopy leaching was the dominant flux for ClI"at LC and CB,
which is not consistent with results from regression analysis, where dry deposition was
suggested. For CI, both processes may have a significant influence in netTF. At sites
receiving marine air masses, as is the case in these two sites not far from the
Mediterranean Sea, sea-salt aerosols may be responsible of CI" dry deposition. But on
the other hand, the Na/Cl ratios in TF were significantly lower than in BD (t-test of
paired observations, p<=0.0001 at both sites), and CI" was highly correlated with K, a
ion representative of leaching (r=0.71, p<0.0001 and =0.44; p<0.05 at LC and CB,
respectively). Therefore, the interplay of dry deposition and canopy leaching is

responsible of CI" netTF fluxes at these sites.
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3.3.2. Nitrogen compounds

To calculate DD for N compounds, an efficiency coefficient for the uptake exchange
between NH;" and NO3 ™ (x NH4") has to be defined in the CBM (ICP-Forest, 2010). Up to
now, a value of 6 moles of NH," exchanged per each each mol of NO; has been
commonly accepted (De Vries et al. 2003; Staelens et al. 2008). To check whether this
value was adequate for a Mediterranean species such as the holm-oak, we took
advantage of the work of Uscola Fernandez et al. (2014) which determined N foliar
absorption from oxidized (NOs) and reduced (NH; and urea) forms in Quercus ilex
seedlings. From these experiments, xNH;" = 1.5 (in equivalents) was obtained when
considering only the NO; and NH,' forms, but when considering the NO3 absorption
vs. [NH4" + urea], a value of xNH;" = 6.5 was obtained. It is possible that part of the
sprinkled urea in fact might be taken up as NH;" since urea deposited on leaves can
undergo a rapid conversion to NH4' by the enzyme ureasa present in bacterial and
fungal populations that colonize the phyllosphere (Pefiuelas and Terradas, 2013;
Redford et al., 2010) and then be absorbed as NH,4". Also urea can decompose to NH;
and NH," at high pH values on wetted surfaces, though we do not know the extent of
these transformations. To account for the possible range of exchange values pointed
out from this study and the usual values in the literature (xNH;" = 6) we performed a
sensitivity analysis with xNH,* = 1.5, 3 and 6 in the CBM. Dry deposition resulting from
this exercise was compared with N dry deposition derived from the inferential model
and with results from leaf washing experiments conducted in 1996 (Rodrigo and Avila,

2002) and repeated again in 2016 at LC (Table 6).

Dry deposition of NH4-N estimated with the CBM varied between 0.25 to 4.0 kg N ha™
v, with the lowest dry deposition at the TC site and the highest at the CB site near
Barcelona (Table 6). The CMB approach used here equates NH,;" uptake with the net
canopy leaching of base cations once corrected for anion leaching (eq. 4) and this is
constant along the sensitivity analysis. At LC (where this comparison is possible) dry
deposition of NH."-N estimated with the CBM was closer to inferential estimations
(77%) than to leaf washes. This is attributed to the probable NH," uptake at the leaf

surfaces during the washings, as seen in other works (Adrianssens et al., 2011;

17



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

lgnatova and Dambrine, 2000). Therefore, for NH4*-N, the CBM and the inferential
calculations seem to be better descriptors of dry deposition than the leaf washes.

On the other hand, DD estimates varied considerably for NO3-N when testing the
different efficiency factors: DD estimates decreased as the efficiency factor increased
(Table 6). When comparing CBM dry deposition estimates with the other methods, a
good match was found at LC and CB between CMB xNH," = 6 and the inferential
estimation (80% and 102%, respectively) while xNH," = 1.5 produced too high results
both at these sites (Table 6). Leaf wash NOs-N dry deposition estimates were similar
for the two periods separated by a 20-year lapse (Table 6) and were 70% lower than
the inferential result. On the other hand, at TC, variation of the NH," efficiency factor
had little effect on NOs-N DD estimates which ranged from 1.2 to 2.0 kg ha™ y'1 with
the xNH4 variation from 1.5 to 6. The CBM estimates at this site did not adjust to dry
deposition derived from the inferential method. This can be attributed to several
factors: 1) the low deposition fluxes at this site and its particular dry meteorology
during the study years, 2) uncertainties in the parameters for NH4 exchange in the
CBM, 3) uncertainties in the inferential model parameters and calculations. While
more refinement is needed in this regard, and work is in progress to develop a more
accurate inferential model, presently we will use the CBM flux results to provide a
range of possible values of dry deposition at TC. On the other hand, for the
northwestern sites of LC and CB, the CBM dry deposition estimates with xNH;" = 6
were within 77-102% of the estimates obtained from inferential and washing

methodologies.

Considering an efficiency factor xNH4 = 6 and based in the assumption NO3™ uptake is
balanced by H* uptake, H* DD and CE fluxes can be calculated (Table 5) . It can be
seen that H' deposition is 2-10 fold higher in DD than in WD, with the highest DD flux
at the sites close to Barcelona. This DD may occur under particular atmospheric
conditions when air masses carry urban pollutants to the study sites. This does not
impede, however, that under other atmospheric scenarios, carbonate dust might

also be deposited on the leaves and neutralize acidity on the leaves surface.
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3.4 Assessment of the exceedance of empirical N critical loads proposed for

Mediterranean sclerophyllous forests

Dry deposition of N estimated with the CBM using an efficiency factor of 6 was 8.0 and
9.4 kg ha™ y!at LC and CB, respectively, and the total deposition (sum of wet + dry) of
Dissolved Inorganic Nitrogen (DIN) was 12.3 and 12.6 kg ha™ y™ respectively (Table 7).
At TC, N dry deposition ranged between 1.5 — 2.3 kg ha™ y'1 and total deposition was
2.7 - 3.5 kg ha y! (Table 7). The contribution of DD to TD was between 57-72% for
NHz-N and 71-77% for NOs-N in the northwestern sites (Table 7), percentages that are
in accordance with other deposition studies in the western fringe of the Iberian
Peninsula (Avila and Roda, 2012; Sanz et al., 2002) and in other Mediterranean-type
ecosystems as well (Anatolaki and Tsitouridou, 2007; Bytnerowicz and Fenn, 1996). For
the site in central Spain, similar dry deposition percentages were obtained for NO3-N

(63-74%), but they were much lower for NH4-N (33%).

The consistency of the dry deposition estimates using different approaches (CBM,
inferential model and branch washing) at the sites with wetter meteorology in NE
Spain provides ground for accepting DIN deposition fluxes under these conditions.
Accepting the CBM estimates, total deposition of inorganic N (DIN) to LC and CB was
around 12 kg ha™ y'l. Recent studies in these sites indicated that dissolved organic
nitrogen (DON) would add around 3 kg N ha™y™ (lzquieta-Rojano et al., 2016),
indicating a total N input to the holm-oak forests in Northeastern Spain of 15 kg ha'ly'l.
Since the current empirical critical loads proposed for sclerophyllous forests are in the
range of 15-17 kg N ha'y* (Bobbink et al., 2010), these forests are close to the critical
value. This is in accordance with results from a modeling exercise for the lberian
Peninsula that suggested that mountain areas in the Northeastern region could be
close or even exceed the critical loads in some habitats of Community interest from
the Spanish Natura 2000 network (Garcia-Gomez et al., 2014). On the other hand,the
study site in central Spain submitted to a drier environment received much lower total
DIN deposition inputs (about 3 kg N ha™* y?), far from the critical loads proposed for

sclerophyllous forests.
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The high variability of deposition estimates between sites of contrasted climate
found in this study and the fact that deposition estimates from the sites under a
milder Mediterranean climate showed a higher match with procedures in use for
temperate forests, indicates the strong effect of climate in the deposition processes
and the need to better understand dry deposition for N compounds in semi-aridic

ecosystems.

Acknowledgements

The financial support from the Spanish Government projects EDEN (CGL2009-13188-
C03-01/02/03) and MONTES-Consolider (CSD-2008-00040) is fully acknowledged. This
research was also funded by the project from Autonomous Government of Madrid
AGRISOST-CM (P2013/ABI-2717) and by the European Projects ECLAIRE (FP7-ENV-
2011/282910) and Life RESPIRA (LIFE13 ENV/ES/000417). CIEMAT work in this study was
partially supported by an agreement between the Spanish Ministry of Agriculture, Food
and Environment and CIEMAT on Critical loads and levels. The utilization of Tres Cantos
monitoring site was possible thanks to an agreement between CIEMAT and Ayuntamiento

de Madrid.

20



594

595
596
597
598

599
600
601
602

603
604
605

606
607

608
609
610

611
612
613

614
615

616
617
618
619

620
621
622

623
624

625
626
627

628
629
630

631
632

633
634

References

Adriaenssens, S., Staelens, J., Wuyts, K., De Schrijver, A., Van Wittenberghe, S., Wuytack, T.,
Kardel, F., Verheyen K., Samson, R., Boeckx, P. (2011) Foliar nitrogen uptake from wet
deposition and the relation with leaf wettability and water storage capacity. Water, Air, and
Soil Pollution; 219, 43-57.

Adriaenssens S., Hansen K., Staelens J., Wuyts K., De Schrijver A., Baeten L., Boeckx P., Samson
R., Verheyen K. (2012) Throughfall deposition and canopy exchange processes along a vertical
gradient within the canopy of beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.)
Karst). The Science of the Total Environment; 420, 168-182.

Aguillaume L., Rodrigo, A., Avila, A. (2016) Long-term effects of changing atmospheric
pollution on throughfall, bulk deposition and streamwaters in a Mediterranean forest.
Science of the Total Environment; 544, 919-928.

Anatolaki C., Tsitouridou R. (2007) Atmospheric deposition of nitrogen, sulphur and chloride in
Thessaloniki, Greece. Atmospheric Research; 85, 413-428.

Avila A., Alarcon M., Queralt I. (1998) The chemical composition of dust transported in red
rains—its contribution to the biogeochemical cycle of a Holm Oak forest in Catalonia (Spain).
Atmospheric Environment; 32, 179-191.

Avila A., Roda F. (2012) Changes in atmospheric deposition and streamwater chemistry over 25
years in undisturbed catchments in a Mediterranean mountain environment. The Science of
the Total Environment; 434, 18-27.

Balestrini R., Tagliaferri A. (2001) Atmospheric deposition and canopy exchange processes in
alpine forest ecosystems (northern Italy). Atmospheric Environment; 35, 6421-6433.

Bobbink R., Hicks K., Galloway J., Spranger T., Alkemade R., Ashmore M., Bustamante M.,
Cinderby S., Davidson E., Dentener F., Emmett, B., Erisman J.W., Fenn M., Gilliam F., Nordin A,,
Pardo L., De Vries W. (2010) Global assessment of nitrogen deposition effects on terrestrial
plant diversity: a synthesis. Ecological Applications; 20, 30-59.

Brumme R., Leimcke U., Matzner E. (1992) Interception and uptake of NH4 and NO3 from wet
deposition by above-ground parts of young beech (Fagus silvatica L.) trees. Plant and Soil; 142,
273-279.

Bytnerowicz A., Fenn M.E. (1996) Nitrogen deposition in California forests: a
review. Environmental Pollution; 92, 127-146.

Camarero, L., Catalan, J. (1996) Variability of the chemisty of precipitation in the Pyrenees
(northeastern Spain): dominance of storm origin and lack of altitude influende. Journal
Geophysical Research; 101, 29491-29498.

De Schrijver A., Geudens G., Augusto L., Staelens J., Mertens J., Wuyts K., Gielis .L, Verheyen K.
(2007) The effect of forest type on throughfall deposition and seepage flux: a review.
Oecologia; 153, 663-674.

De Vries W., Reinds G., van der Salm C., (+ 11 coauthors) (2001) Intensive Monitoring of Forest
Ecosystems in Europe. Technical Report 2001. Brussels, Geneva. EC-UN/ECE.

De Vries W., Vel E., Reinds G., Deelstra H., Klap J., Leeters E., Hendriks, C.M.A., Kerkvoorden
M., Landmann B., Herkendell J., Haussmann T., Erisman J.W. (2003) Intensive monitoring of

21



635
636

637
638
639

640
641

642
643

644
645
646
647
648
649
650
651

652
653
654
655

656
657
658

659
660

661
662

663
664
665

666
667
668

669
670

671
672
673

674
675
676

forest ecosystems in Europe: 1. Objectives, set-up and evaluation strategy. Forest Ecology and
Management; 174, 77-95.

Dentener F., (+16 co-authors) (2006) Emissions of primary aerosol and precursor gases in the
years 2000 and 1750 prescribed data-sets for AeroCom. Atmospheric Chemistry and Physics; 6,
4321-4344,

Draaijers G., Erisman J. (1995) A canopy budget model to assess atmospheric deposition from
throughfall measurements.Water, Air and Soil Pollution; 85, 2253-2258.

Ferm M. (1993) Throughfall measurements of nitrogen and sulphur compounds. International
Journal of Environmental Analytical Chemistry; 50, 29-43.

Fowler D., Smith R., Muller J., Cape J.N., Sutton M., Erisman JW., Fagerli H. (2007) Long term
trends in sulphur and nitrogen deposition in Europe and the cause of non-linearities. Water,
Air and Soil Pollution; 7, 41-47.

Garcia-Gémez H., Garrido J., Vivanco M., Lassaletta L., Rabago I., Avila A., Tsyro S, Sanchez G,
Gonzalez Ortiz A, Gonzalez-Fernandez |, Alonso R. (2014) Nitrogen deposition in Spain:
Modeled patterns and threatened habitats within the Natura 2000 network. The Science of the
Total Environment; 485, 450-460.

Garcia-Gémez H., Aguillaume L., lzquieta-Rojano S., Valifio F., Avila A., Elustondo D.,
Santamaria J.M., Alastuey, A., Calvete-Sogo, H., Gonzalez-Fernandez |., Alonso R. (2016)
Atmospheric pollutants in peri-urban forests of Quercus ilex: evidence of pollution abatement
and threats for vegetation. Environmental Science and Pollution Research; 23, 6400-6413.

Gelller A, Rienks M, Rennenberg H. (2002) Stomatal uptake and cuticular adsorption
contribute to dry deposition of NH3 and NO2 to needles of adult spruce (Picea abies) trees.
New Phytologist; 156, 179-194.

Golterman H., Clymo R., Ohmstad M.A.M. (1978) Methods for physical and chemical analysis
of fresh waters. IBP Handbook, 8. pp 215.

Hoffman W.A., Lindberg S.E., Turner R.R. (1980) Precipitation acidity: the role of the forest
canopy in acid exchange. Journal of Environmental Quality; 9, 95-100.

Holland E.A., Braswell B.H., Sulzman J., Lamarque J.F. (2005) Nitrogen deposition onto the
United States and Western Europe: synthesis of observations and models. Ecolological
Appllications; 15,38-57.

ICP-Forests. (2010) Manual on methods and criteria for harmonized sampling, assessment,
monitoring and analysis of the effects of air pollution on forests. UNECE ICP Forests
Programme Coordinating Centre, Hamburg.

Ignatova, N, Dambrine, E. (2000) Canopy uptake of N deposition in spruce (Picea abies L. Karst)
stands. Annals of forest science; 57, 113-120.

Izquierdo, R., Avila, A. (2012) Comparison of collection methods to determine atmospheric
deposition in a rural Mediterranean site (NE Spain). Journal of Atmospheric Chemistry; 69,
351-368.

Izquierdo R., Benitez-Nelson C.R.,, Masqué P., Castillo S., Alastuey A., Avila A. (2012)
Atmospheric phosphorus deposition in a near-coastal rural site in the NE Iberian Peninsula and
its role in marine productivity. Atmospheric Environment; 49, 361-370.

22



677
678
679
680

681
682

683
684
685

686
687

688
689

690
691
692

693
694
695

696
697

698
699

700
701

702
703
704

705
706

707
708

709
710
711

712
713
714
715

Izquieta-Rojano S., Garcia-Gomez H., Aguillaume L., Santamaria J.M., Tang Y.S., Santamaria C,,
Valifio F., Lasheras E., Alonso R., Avila A., Cape J.N., Elustondo D. (2016) Throughfall and bulk
deposition of dissolved organic nitrogen to holm oak forests in the Iberian Peninsula: Flux
estimation and identification of potential sources. Environmental Pollution; 210, 104-112.

Kalina M.F., Stopper S., Zambo E., Puxbaum H. (2002) Altitude-dependent wet, dry and occult
nitrogen deposition in an Alpine region. Environmental Science Pollution Research;2,16-22.

Kirchner M., Fegg W., Rommelt H., Leuchner M., Ries L., Zimmermann R., Michalke B.,
Wallasch M., Maguhn J., Faus-Kessler T., Jakobi G. (2014) Nitrogen deposition along differently
exposed slopes in the Bavarian Alps. The Science of the Total Environment ; 470, 895-906.

Kopacek J., Prochazkova L., Hejzlar J., Blazka P. (1997 )Trends and seasonal patterns of bulk
deposition of nutrients in the Czech Republic. Atmospheric Environment 131, 797-808.

Krupa S.V. (2003) Effects of atmospheric ammonia (NH;) on terrestrial vegetation: a review.
Environmental Pollution; 124,179-221.

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

Likens G.E., Driscoll C.T., Buso D.C., Siccama T.G., Johnson C.E., Lovett G.M., Ryan D.F., Fahey
T., Reiners W.A. (1994) The biogeochemistry of potassium at Hubbard Brook. Biogeochemistry;
25, 61-125.

Liljestrand H.M (1985) Average rainwater pH, concepts on atmospheric acidity and buffering in
open systems. Atmospheric Environment 19, 487-499.

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

Lovett G., Nolan S., Driscoll C., Fahey J. (1996) Factors regulating throughfall flux in a New
Hampshire forested landscape. Canadian Journal of Forest Research; 26, 2134-2144.

Morales-Baquero R., Pulido-Villena E., Reche I. (2006) Atmospheric inputs of phosphorus and
nitrogen to the south-west Mediterranean region: biogeochemical responses of high mountain
lakes. Limnology and Oceanography, 51, 830-837.

Muller H., Kramm G., Meixner F., Dollard G.J., Fowler D. (1993) Determination of HNO3 dry
deposition by modified Bowen ratio and aerodynamic profile techniques. Tellus; 45, 346-67.

Myers N., Mittermeier R.A., Mittermeier C.G., Da Fonseca G.A., Kent J. (2000) Biodiversity
hotspots for conservation priorities. Nature; 403, 853-858.

Ochoa-Hueso R., Allen E.B., Branquinho C., Cruz C., Dias T., Fenn M.E., Manrique E., Pérez-
Corona M.E., Sheppard L.J., Stock W.D. (2011) Nitrogen deposition effects on Mediterranean-
type ecosystems: an ecological assessment. Environmental Pollution; 159, 2265-2279.

Parker G. (1983) Throughfall and stemflow in the forest nutrient cycle. Advances in ecological
research; 13, 57-133.

Pefiuelas J., Terradas J. (2014) The foliar microbiome. Trends in plant science; 19, 278-280.

23



716
717
718

719
720
721

722
723
724
725

726
727
728

729
730
731

732
733

734
735
736

737
738
739

740
741
742

743
744
745

746
747
748

749
750

751
752
753

754
755

756

Pérez N., Pey J., Castillo S., Viana M., Alastuey A., Querol X. (2008) Interpretation of the
variability of levels of regional background aerosols in the Western Mediterranean. Science of
the total environment; 407, 527-540.

Pey J., Pérez N., Castillo S., Viana M., Moreno T., Pandolfi M., Lépez-Sebastian J.M, Alastuey A.,
Querol X. (2009) Geochemistry of regional background aerosols in the Western
Mediterranean. Atmospheric research; 94, 422-435.

Phoenix G.K., Hicks W.K., Cinderby S., Kuylenstierna J.C., Stock W.D., Dentener F.J., Giller K.E.,
Austin A.T., Lefroy R.D.B., Gimeno B.S., Ashmore M.R,, Ineson P. (2006) Atmospheric nitrogen
deposition in world biodiversity hotspots: the need for a greater global perspective in
assessing N deposition impacts. Global Change Biology; 12, 470-476.

Redford A. J.,, Bowers R. M., Knight R., Linhart Y., Fierer N. (2010) The ecology of the
phyllosphere: geographic and phylogenetic variability in the distribution of bacteria on tree
leaves. Environmental Microbiology ; 12, 2885-2893.

Roda F., Bellot J., Avila A., Escarré A., Pifiol J., Terradas J. (1993) Saharan dust and the
atmospheric inputs of elements and alkalinity to Mediterranean ecosystems. Water, Air and
Soil Pollution; 66, 277-288.

Roda F., Retana J., Gracia C., Bellot J. (1999) Ecology of Mediterranean Evergreen Oak Forests.
Springer, Ecological Studies 137.pp 373.

Rodrigo A., Avila A. (2002) Dry deposition to the forest canopy and surrogate surfaces in two
Mediterranean holm oak forests in Montseny (NE Spain). Water, Air and Soil Pollution; 136,
269-288.

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

Rodriguez-Puebla C., Encinas A., Nieto S., Garmendia J. (1998) Spatial and temporal patterns of
annual precipitation variability over the Iberian Peninsula. International Journal of Climatology;
18, 299-316.

Sanz M., Carratala A., Gimeno C., Millan M. (2002) Atmospheric nitrogen deposition on the
east coast of Spain: relevance of dry deposition in semi-arid Mediterranean regions.
Environmental Pollution; 118, 259-272.

Schmitt M., Thoni L., Waldner P., Thimonier A. (2005) Total deposition of nitrogen on Swiss
long-term forest ecosystem research (LWF) plots: comparison of the throughfall and the
inferential method. Atmospheric Environment; 39, 1079-1091.

Sparks J.P. (2009). Ecological ramifications of the direct foliar uptake of nitrogen. Oecologia;
159, 1-13.

Staelens J., Houle D., De Schrijver A., Neirynck J., Verheyen K. (2008) Calculating dry deposition
and canopy exchange with the canopy budget model: review of assumptions and application
to two deciduous forests. Water, Air and Soil Pollution; 191, 149-169.

Stachurski A., Zimka JR. (2002) Atmospheric deposition and ionic interactions within a beech
canopy in the Karkonosze Mountains. Environmental Pollution; 118, 75-87.

Stumm W., Morgan, J.J. (1981) Aquatic Chemistry, 2™ Edition. Wiley. New York. 780 pp.

24



757
758
759

760
761

762
763
764

765
766
767

768
769

770
771
772
773

774

Thimonier A., Schmitt M., Waldner P., Rihm B. (2005) Atmospheric deposition on Swiss long-
term forest ecosystem research (LWF) plots. Environmental Monitoring and Assessment; 104,
81-118.

Tukey H. (1970) The leaching of substances from plants. Annual Review of Plant Physiology; 21,
305-324.

Ulrich B. (1983) Interaction of forest canopies with atmospheric constituents: SO2, alkali and
earth alkali cations and chloride. In: Ulrich B. and J. Pankrath (Eds.) Effects of accumulation of
air pollutants in forest ecosystems. Springer pp. 33-45.

Uscola Fernandez Fernandez M., Villar-Salvador, P., Oliet J.,, Warren C.R. (2014) Foliar
absorption and root translocation of nitrogen from different chemical forms in seedlings of
two Mediterranean trees. Environmental and Experimental Botany; 104, 34-43.

Vitousek P.M., Sanford R. (1986) Nutrient cycling in moist tropical forest. Annual Review of
Ecology and Systematics; 17, 137-167.

Zhang G., Zeng G.M.,, Jiang Y.M., Yao J.M., Huang G.H., Jiang X.Y., Tan W., Zhang X.L., Zeng M.
(2006) Effects of weak acids on canopy leaching and uptake processes in a coniferous-
deciduous mixed evergreen forest in central-south China. Water, Air and Soil Pollution; 172,
39-55.

25



775

776
777

778
779

780
781
782
783
784

785

786

787

788

789

CA

forest on calcareous
substrates

Oceanic Mediterranean

LCand CB
Mediterranean
coastal forest on
siliceous soils

TC

continental
Mediterranean
forest on acid soils
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795 Table 1. Study site characteristics, climatic features, forest stand parameters,
796  atmospheric information and air quality at the study sites. Climate and pollutant data
797  are mean values for the study period.
LC CB CA TC
Study site Aspect SE NE SE S
characteristics Distance to the sea (km) 27 11 80 310
Mediterranean
Climate Mediterranean Mediterranean cgntlnenta'l Med|t?rranean
with oceanic continental
influence
Climatic
parameters Mean annual Temperature 90 151 126 14.4
(20) . . . .
Mean annual Rainfall (mm y'l) 938 723 786 343
Leaf area index (mz-m'z) 6.1 4.7 5.3 3.0
Number of trees-ha™ 2571 1429 1760 491
Stand parameters
Mean diameter at breast high 13.0 12.6 161 a1
(cm)
NO, (ng m?) 4.3 16.2 10.6 11.1
NH; (ug m> 0.7 1.0 25 0.7
Air Quality 3 (g 3)
PMyg(pug m™) 18.0 - 26.9 23.0
Di Il
Istant urk?an Barcelona city Sma urb’?m Madrid city
agglomerations agglomerations
Transportation High traffic High traffic
routes intensity intensity
Routes within  (highwaysand  highway lying  highway lying
the park railways at 100m at 2 km
connecting distance to the distance to the
Potential Barcelona to study site study site
pollution sources other urban
sites)
Moderate ' Air masses Agrlcul'ture in
. influenced by the fields
agricultural . .
L sea traffic surrounding
activities

the studied site
Opencast
limestone
quarry

798
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799 Table 2. Ratios between bulk deposition and wet deposition (BD/WD) at LC (June

800 2011-June 2013) and TC (January to June 2013).

BD/WD Na* K* Ca®* Mg NH,Y NO; SO~ cr
LC 139 164 133 163 131 160 136 163
TC 118 139 213 147 145 151 127 117

801
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802 Table 3. Mean annual precipitation and bulk (BD), throughfall (TF) and net throughfall
803  (netTF) deposition fluxes (kg ha™ y!) at each studied site. Fluxes for alkalinity are given
804 ineqha™y™. Mean and + standard deviation for two years are given.

805
Prec. Alk. H* Na* K* ca® Mg* NH,-N NO;-N S0,-S cr
kg haty™
Lm? eqha’y? *10° kgha'y™

BD

LC  938+46 260+ 51 29+5  63+09 16+0.2 13427 19%03 3.1+06 32%0.1 34+01 11+15
CB  723+63 340+ 91 14+7  93+23 13+02 17+51 23+06 21+01 26+01 40+05 16+4.0
CA 786+290 670+210 1+0.1 7.6+13 24+0.0 24+27 11+0.2 52+13 3.0%02 35+06 12+3.2
TC  343+69 62+ 12 742 1.5+0.1 0.8+0.0 34+05 03+0.0 0.8+01 10+00 1.2+02 1.3+0.0
TF

LC  695+47 620+ 15 12¢4  75+05 17+05 17+0.1 42+01 13+0.1 45+05 40+0.6 18+1.2
CB  491+54 620+ 14 18+ 2 1009 15+05 21407 43+0.2 20+01 55+00 6.1+03 23+18
CA  607+257 2000+ 53 1+0.1 12409 16+26 57+3.7 3.1+05 3.1+09 43+04 46+00 20+2.1
TC  230+16 140+ 10 14+1  23+0.0 13+13 66+1.0 15+02 04+00 1.6+00 09+0.2 29+0.2

netTF
LC -243+1,4  360+50 -17¢#5  13+13 17407 45428 23+04 -1.8+07 13+04 06+05 7.4+2.7
CB  -232+12 280+45 4+7 09+14 14+03 47+44 20+04 00+03 29+01 21+0.2 7.3+22
CA -179+46 1330+15 0+0.1 4.0+03 12+26 35+1.0 2.0+0.2 -2.1+0.4 13+06 12+05 80+1.1
TC  -113+75 78+ 11 7+2 08+0.1 12+13 32405 13+01 -04+0.1 0.6+00 -03+0.0 1.6+0.2
806

30



807
808
809

810

811

Table 4. Spearman correlations (r) between rainfall amount (in mm) and net
throughfall fluxes (in eq ha™) at the four studied sites. The probability value (p) is also
given. Number of observations = 49 for LC, 41 for CB, 55 for CA and 51 for TC.

Na* K* ca” Mg®  NH,” NOy  SO,7 CI
LC
r 025 065 015 021 -0.28 -0.28 002 0.16
p 008 000 030 015 005 005 088 0.28
cB
r 025 084 012 009 -027 -010 005 0.21
p 012 000 045 059 009 052 076 0.18
CA
r 062 089 079 076 -053 041 020 054
p 000 000 000 000 000 000 014  0.00
TC
r 033 067 054 062 -054 -018 -0.27 0.34
p 000 000 000 000 000 011 001  0.00
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812  Table 5. Results from the canopy budget model at LC, CB and TC for H*, base cations,

813 SO, -S

and cI' (in kg ha™® y™) obtained in the Canopy Budget Model with a dry

814  deposition factor based on Na’. WD= Wet deposition, DD= Dry deposition, CU/CL=
815  Canopy uptake (CU) corresponding to negative CU/CL values and canopy leaching (CL)
816  to positive ones; TD= Total deposition.

817
H* Na* K* ca* Mg®  S0,-S cr
LC
WD 0.03 4.5 1.0 9.7 1.2 2.5 6.4
DD 0.15 3.0 0.7 6.5 0.8 1.7 4.2
cu/CL -0.18 0.0 17.2 1.2 2.2 -0.1 7.2
D 0.18 7.5 1.6 16.2 1.9 4.2 10.6
CB
WD 0.02 6.7 0.8 12.5 1.4 2.9 9.7
DD 0.16 3.5 0.4 6.5 0.7 1.5 5.0
cu/cL -0.16 0.0 14.1 2.3 2.1 1.7 8.4
D 0.17 10.2 1.2 19 2.1 4.5 14.7
TC
WD 0.007 1.2 0.6 1.6 0.2 1.0 1.1
DD 0.015 1.0 0.5 1.3 0.2 0.8 0.9
Cu/CL  -0.002 0.0 11.7 3.7 1.2 -0.8 0.8
D 0.023 2.3 1.1 2.9 0.4 1.8 2.1
818

32



819
820
821
822
823
824

825

826

Table 6. Dry deposition and canopy uptake fluxes for N compounds (in kg ha™ y*)
estimated with different methods: the CBM with different efficiency factors between
NHs'vs NO;3 (xNH,'=1.5, 3 and 6), the inferential method based on in situ gas
measurements and bibliographic values for V4 and canopy leaf washings in two
periods, 1996 and 2016 (only at the LC site).

Method LC CB TC
Dry Deposition (kg ha™y™)
NH4-N CBM 3.11 4.0 0.25
inferential 4.0 5.4 3.9
leaf wash 1996 1.1
leaf wash 2016 1.6
NO3-N CBM 1.5 12.0 10.3 2.0
CBM 3 7.3 7.0 1.5
CBM 6 4.9 5.4 1.2
inferential 6.2 5.3 4.6
leaf wash 1996 4.5
leaf wash 2016 4.2
Canopy uptake (kg ha™y™)
NH4-N CBM -4.1 -3.5 -0.38
NO3-N CBM 1.5 -9.6 -6.4 -1.03
CBM 3 -4.8 -3.2 -0.50
CBM 6 -2.4 -4.6 -0.25
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Table 7. N fluxes for NH;"-N, NO3-N and their sum (Dissolved Inorganic Nitrogen, DIN)
in wet deposition (WD), dry deposition (DD) and total deposition (TD) in kg ha-1 y-1.
DD estimated with a canopy budget model with xNH;'=6 at LC and CB, and a fork
comprising from 1.5, 3 and 6 at TC.

LC CB TC
NH,*-N WD 2.33 1.56 0.5
DD 3.11 3.97 0.25
D 5.44 5.53 0.75
%DD 57 72 33
NOs5™-N WD 2 1,63 0,67
DD 4.89 5.43 1.2-2.0
D 6.89 7.06 1.9-2.7
%DD 71 77 63-74
DIN D 12.3 12.6 2.7-3.5
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