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Abstract

The abatement programs implanted in Europe to reduce SO,, NO, and NH3; emissions
are here evaluated by analysing the relationships between emissions in Spain and
neighbouring countries and atmospheric deposition in a Mediterranean forest in the
Montseny Mountains (NE Spain) for the last 3 decades. A canopy budget model was
applied to throughfall data measured during a period of high emissions (1995-1996) and
a period of lower emissions (2011-2013) to estimate the changes in dry deposition over

this time span.

Emissions of SO, in Spain strongly decreased (77%) and that was reflected in reductions
for nssSO,4% in precipitation (65% for concentrations and 62% for SO4*-S deposition). A

lower decline was found for dry deposition (29%).

Spanish NO, emissions increased from 1980 to 1991, remained constant until 2005, and
decreased thereafter, a pattern that was paralleled by NO3 concentrations in bulk
precipitation at Montseny. This pattern seems to be related to a higher share of
renewable energies in electricity generation in Spain in recent years. However, dry
deposition increased markedly between 1995 and 2012, from 1.3 to 6.7 kg ha'y™.
Differences in meteorology between periods may have had a role, since the recent

period was drier thus probably favouring dry deposition.

Spanish NH; emissions increased by 13% between 1980 and 2012 in Spain but NH;"
concentrations in precipitation and NH,"-N deposition showed a decreasing trend (15%
reduction) at Montseny, probably linked to the reduction ammonium sulphate and
nitrate aerosols to be scavenged by rainfall. NH,-N dry deposition was similar between

the compared periods.

The N load at Montseny (15-17 kg ha™yr™) was within the critical load range proposed
for Mediterranean sclerophyllous forests (15-17.5 kg ha™ yr'*). The onset of N saturation

is suggested by the observed increasing N export in streamwaters.

Key-words: Emission reductions, Atmospheric deposition, Nitrogen, Sulfate, Throughfall,

Canopy.
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1. Introduction

High atmospheric deposition of sulphur (S) and nitrogen (N) in the last century has lead
to the acidification and eutrophication of many terrestrial ecosystems in Europe and
North America, peaking in the 1970-1980 (Aber et al., 1998; EC, 2001; Reuss and
Johnson, 1986). To counteract these adverse effects, transboundary amendment
programs were launched by the Convention on Long-Range Transboundary Air Pollution
(CLRTAP) in the frame of the United Nations Economic Commission for Europe (UNECE,
2011). Upon the implementation of national emission limits, significant declines were
observed since the mid 1980s in SO, emissions and S in precipitation in Europe (Tgrseth
et al.,, 2012). Nitrogen emissions were also significantly reduced in many European
countries, although higher variability was found among regions and the changes were
different for oxidized or reduced N (Fagerli and Aas, 2008; Konovalov et al., 2008;
Lovblad et al., 2004). A summary of the major results following the implementation of
pollution control measures can be found in Grennfelt and Hov (2005). Concerning Spain,
SO, emissions were readily cut, but the country still exceeded in 2012 the NO, and NH;
emissions ceilings for 2010, established at 847 and 353 Gg respectively (EC, 2001). The
link between emissions, air concentrations and deposition is complex because of the
interplay of the meteorological conditions, the chemical interaction between pollutants
in the atmosphere and the spatial scale of the region of influence. In this sense non-
linearities have been found between emission reductions and the decline in rainwater

concentration (Fowler et al., 2007).

Dry deposition of airborne pollutants makes also a significant contribution to the
atmospheric load of most ecosystems. However, long time records of changes in dry
deposition for the last decades are scarce. Changes in dry deposition have also been
found to change non-linearly with emissions (Fowler et al. 2005). This has been
attributed to the fact that for SO,, the deposition velocity (Vq4) is controlled by the
NHs/SO, ratio, where SO, deposition increases as leaf pH raises in response to NH;
deposition (Erisman et al., 1998; Fowler et al., 2001). Thus, dry deposition will not only
depend on SO, concentrations, but also on its relative abundance respect to NHs. Also,

declining air SO, concentrations will affect the partitioning of gaseous NHs; and
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particulate NH,", which in turn will affect the spatial range affecting deposition, since
NHs will tend to be locally deposited while fine-sized NH,'-sulfate aerosols have a longer
residence time in the atmosphere and will be mostly transported to longer distances

(van Jaarsveld et al., 2000).

Throughfall (TF), the water flux collected under the forest canopy, has been widely used
to provide an estimation of dry deposition (De Vries et al., 2003; Lindberg and Lovett,
1992). However, throughfall does not truly represent total deposition, since it also is
affected by chemical exchanges at the canopy level (Parker, 1983). When using
throughfall measurements to derive dry deposition fluxes, a distinction has to be made
between dry deposition and canopy exchange processes. These include the leaching of
elements from internal plant pools and/or the uptake by the canopy of gases or
dissolved solutes (Lovett and Lindberg, 1984; Schaefer and Reiners, 1990). To sort this
out, a canopy budget model has been widely used (Draaijers and Erisman, 1995;
Staelens et al., 2008) and will be here applied to estimate dry deposition from

throughfall measurements.

The Iberian Peninsula, in the south-western corner of the European continent, is
influenced by air masses from contrasting provenances. Five main air mass movements
have been established based on the frequency of back trajectories: 1) European or
continental, 2) from the Atlantic Ocean, 3) from North Africa, 4) from the
Mediterranean, 5) from shorter pathways, as recirculating air masses over the Iberian
Peninsula (Calvo et al., 2012; Escudero et al., 2007; lzquierdo et al., 2012). A cluster
classification of daily back-trajectories for the periods 1984-1993 and 1998-2009
indicated that the most frequent air flows at the Montseny mountains in NE Spain were
from the Atlantic Ocean (39 and 31% for the two study periods) and the Peninsular
recirculation (27-25%). Thus, the major air pollution influence at the north-east coast of
Spain may be from emissions from the Iberian Peninsula itself. However, during winter,
a good correlation was observed between air masses from the Mediterranean and NO3
deposition (lzquierdo et al., 2014). Also, source receptor models indicated the influence
of emissions from eastern provenances on the rain chemical composition in NE Spain

(Izquierdo et al., 2012).
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The aim of this work is to examine the relationships between S and N emissions in Spain
and neighbouring countries from the early 1980s to 2014 and rain concentrations and
deposition at a site in the NE of the Iberian Peninsula, in order to check whether the
abatement measures implemented by CLRTAP protocols are reflected in reduced
deposition. This has been undertaken by comparing the evolution of bulk deposition
trends at a rural forested site (La Castanya, Montseny) in NE Spain and the evolution of
emissions in the Iberian Peninsula, France, Italy and the totals for the European Union
(EU28) for this period. Previous studies have documented a S0,* decrease in bulk
deposition in NE Spain (Avila, 1996; Avila and Roda, 2002); here we expand these
studies for a longer time series and incorporate the examination of changes in dry
deposition. Changes in dry deposition along the last 3 decades cannot be traced in NE
Spain because of the lack of a continuous monitoring scheme for dry deposition.
However, throughfall measurements in two contrasting periods over this time span (in
1995-1996, a period of high emissions and in 2011-2013, a period of lower emissions)

can provide and insight on dry deposition changes, particularly for S.

Several studies have reported changes in surface stream water chemistry after
reduction of pollutant emissions in temperate forests in central and north Europe and
North America (Driscoll et al., 1998; Evans et al., 2007; Skjelkvale et al., 2005). This
paper also tackles this issue by exploring the response at the ecosystem level of
emissions reductions, by studying changes in streamwater chemistry for a stream
draining an undisturbed forested catchment representing a typical Mediterranean

forest.

2. Material and methods

2.1. Study site

The study site was located in La Castanya valley (LC, 41246’N, 2221’E, 700 m.a.s.l), within
the Montseny mountains (Fig.1) about 40km NNE from Barcelona and 25km from the

Mediterranean coast. Dominant vegetation is a closed-canopy forest of holm-oak
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(Quercus ilex L.). Forests at La Castanya valley were exploited in the past for charcoal
production, but these activities were abandoned about 60 years ago and the forest is
increasing in biomass (Roda et al., 1999).The upper part of La Castanya valley comprises
a belt of beech forest at 1100-1200m,while heathlands and grasslands extend above this
altitude up to 1350m. Dominant lithology is metamorphic schist and phyllite. Soils are
shallow with an organic layer 0-5cm deep and an average total depth of 60 cm (Hereter

and Sanchez, 1999). Soils are classified as Entisols or Inceptisols (Soil Survey Staff 1992).

Climate is meso-Mediterranean sub-humid, with a clear seasonal cycle of higher
precipitation in spring and summer. Variability among years is very high (Fig. 2). At the
LC station, mean precipitation from 1983 to 2014 was 862mm y'1 (range from 518 to

1601 mm y'’; Fig. 2) and mean air temperature 9.5°C.

This site is considered as a rural background station that is topographically sheltered to
some extent from air pollution from the Barcelona metropolitan area. However, during
the warm half of the year diurnal sea-land breezes carry pollution from the coast and
lowland plains to the upper Montseny slopes, where LC lies, by midday (Pérez et al.,
2008).Besides, long-range pollutant transport also influences atmospheric deposition at

this site (Izquierdo et al., 2012).

Stream discharge was recorded in a stream named Torrent de la Mina (TMOQ) which is
gauged with a 1202 V-notch weir. This catchment has a surface of 205 ha and comprises
two distinct zones: an upper plateau with grassland and heathlands (30% of the
catchment) and holm-oak forests covering the steep slopes that conform the rest of the

catchment (Fig 1).

2.2. Field sampling
Open field measurements

Weekly bulk deposition samples were obtained from August 1983 to August 2014
(interrupted from September 2000 to March 2002). Wet-only deposition (ESM
Andersen instruments) was sampled in parallel to bulk deposition during 2008-2013 but

because of the longer bulk deposition record, we will deal here with bulk deposition
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data for the comparison of emissions and deposition trends. Bulk/wet deposition
collectors, a rain tipping bucket gauge and a meteorological station (Campbell with
CR1000 data logger) were located at a clearing in the forest close to the throughfall
plots (Open field sites, Fig. 1). The open field measurements were located at site LC1
since August 1983 to September 2000. Since March 2002, they were located at site LC2
(Fig. 1), about 850 m distant from the first site. Bulk collectors consisted on 19-cm-
diameter funnels connected by a looping tygon tube to a 10-L polyethylene bottle for
the period 1983-2010. In 2011, NILU-type (Norwegian Institute for Air Research) funnels
were used and a plastic membrane was fitted in the funnels neck which connected to a
2-L polyethylene bottle. Funnels were directly connected to the bottles, which were
kept in the dark to avoid the growth of microorganisms. Four (1983-1996) and two

(1997-2014) replicate collectors were used.
Throughfall measurements

The throughfall chemistry was sampled in two periods separated by a 15-year span: the
first one, in 1995-1996, took place during a period of still high emissions in Spain while
the second one, in 2011-2013, corresponded to a period of much lower emissions. To
characterize the throughfall chemistry in the first period we used throughfall data
measured in two plots in Montseny from June 1995 to June 1996 (Table 1). One plot was
located at La Castanya valley facing to the north (LC1, Fig 1). The second plot was at
Riera de Sant Pere (RP1) 8 km apart from La Castanya, in the Montseny slopes that face
to SW and had a similar aspect to that of the LC2 throughfall plot. It was considered that
the averaged throughfall composition of RP1 and LC1 better represented the canopy
changes on incident precipitation in the early period. Throughfall collectors in this
period consisted of a 10-cm funnel connected to a 2-L bottle, kept in the dark (Rodrigo
et al., 2003). Throughfall in the period March 2011-March 2013, was sampled in location
LC2, using 12 collectors of NILU-funnel type. Details on the forest structure of the 3
throughfall sampling sites are given in Table 1. Although differences in location will
introduce uncontrolled spatial variation in throughfall measurements, the plots had a
similar forest structure: they formed a continuous closed monospecific canopy of holm-
oak submitted to similar climate, although the difference in aspect may have some

effect. A review of the rainfall partitioning by vegetation in Mediterranean conditions
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has shown that the forest structural parameters that mostly influence throughfall are
age, height, diameter at breast height (DBH) and basal area (Llorens and Domingo,
2007). Differences in some of these variables between the plots were small (Table 1)
and probably within the error of regressions provided by Llorens and Domingo (2007).
Further details on throughfall field sampling can be found in Rodrigo et al. (2003) and
Aguillaume (2015).

For bulk deposition and throughfall, volume weighted mean (VWM) concentrations
were calculated based on weekly samples weighted by weekly precipitation volume. The
corresponding fluxes were obtained by multiplying annual VWMs by annual
precipitation/throughfall volume and are expressed as kg ha™ y'l, except for H" and

alkalinity, in eq ha™ y™.

Non sea salt sulphate (nss SO,>) concentrations in bulk deposition (BD) were calculated

as:

nss SO4% g0 = S04 ap - (Na* 5o * 0.12),

where S04% st/ Na*easar = 0.12  (Drever, 1982)
Streamwater measurements

Streamwater was collected from a stream draining a 200 ha catchment named Torrent
de la Mina (TMO) within the La Castanya valley (Fig. 1). The recording period for
discharge and streamwater chemistry comprised an initial (1990 to 1999) and a recent
period (2010 to 2014). Water level was measured with an OTT ™ water level recorder in
the initial period and with a pressure probe (Schlumburger Water Services) in the recent

one. Annual discharge ranged between 150 and 888 mm y™* (Fig. 2).

Grab samples of stream water were collected with an approximate weekly schedule
from a sampling point upstream from the stilling pond. They were collected in high-

density polyethylene 250-mL bottles after a previous triple rinse with stream water.

We calculated annual VWM for bulk precipitation and stream waters, expressed in peq

L™ for hydrological water years defined from 1 September. For throughfall, a more
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restricted data record obliged to consider different annual periods (June 1995 to June

1996 in the initial and March 2011 to March 2013 for the recent period).

For the stream waters, we first calculated annual fluxes (F, in kg ha-' y™ ) by:

F= D, cTam (1

Where C (t;) is the instantaneous concentration of the studied elements at time t; (in mg
L'l) and Q/[T}] is the discharge (in L) for the period Ti=(t;—1.1), with T .1<tj<t;, and N
is the number of samples taken during the whole year. To give the annual VWM

concentrations, fluxes were divided by the accumulated stream discharge for the year.

Several works have attempted to determine the best unbiased estimate of flow-
weighted solute concentrations and fluxes, since the appropriateness of the estimate
depends on the frequency of sampling related to the duration of stormflows
(Rekolainen et al., 1991; Stone et al., 2000; Swistock et al., 1997). Calculations based on
weekly sampling and the water flow corresponding to each one of the samples, the
procedure used here, have been recommended as a compromise between the effort of
sampling and the accuracy of the estimate. The accuracy of estimates with this
procedure has been found to lie within 10% of expected values (Rekolainen et al., 1991;

Stone et al., 2000; Swistock et al., 1997).

2.3. Chemical analyses

Samples were taken to the laboratory and were analyzed for pH, conductivity and
alkalinity within 24—-48 h from sampling. Samples were filtered with 0.45um size pore
acetate cellulose membrane filters and 60-mL aliquots were frozen until analysis.
Concentrations of Na‘, K*, Mg*, Ca*, NH,", CI', NO; and SO,” were measured by ion
chromatography (Dionex, Sunnyvale, USA). Data quality was checked with the inclusion of
synthetic samples of known ionic concentrations during analytical runs. The quality of
the analytical data was checked by a: 1) conductivity index (ratio of measured
conductivity to conductivity calculated from the concentration of all measured ions and

their specific conductivities), 2) an ionic index (ratio of the sum of cations to the sum of
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anions). For bulk and wet deposition, a 20% variation about the central index value
(1.00) was accepted, according to the ICP-Forest manual (ICP-Forest Manual, 1998).
Because TF contains weak acids that may not have been included in our alkalinity
measurements, we did not impose the 20% restriction about the central value to
throughfall ionic index checks. Further analytical checks were undertaken by
participating in international comparisons (AQUACON Med-Bas, Mosello et al., 1998),

with highly satisfactory results.
2.4. Canopy budget method

To separate canopy exchange from dry deposition, a Canopy Budget Model (CBM) has
been generally used ( Draaijers and Erisman, 1995; Staelens et al., 2008; Adriaenssens et
al., 2012). The CBM is based on the following balance between fluxes above and below
the canopy: TF+SF = PD + DD + CE, where TF stands for throughfall, SF for stemflow, PD
for Precipitation Deposition, DD for Dry Deposition and CE for Canopy Exchange. Canopy
exchange, if positive, indicates the leaching of ions from the canopy (CL), and if negative,
the uptake of ions (CU). Stemflow at the LC site contributed only 3% of total rainfall
(Rodrigo et al., 2003) and because of its small contribution, SF fluxes have not been

considered here. Then,
TF-PD = net TF = DD+CE

In this procedure, dry deposition is estimated based on a tracer ion that is assumed not
to be influenced by canopy exchange processes and assuming that aerosols containing
the other ions of interest have a similar deposition behaviour than the ion chosen as
reference (Ulrich, 1983). Here Na* was used as an inert tracer as recommended in
several studies (Staelens et al., 2008) to derive DD for base cations, SO4Z’ and CI'. To
characterise PD, either wet or bulk deposition can be used, but using wet deposition will
result in the estimation of fine plus coarse aerosol dry deposition, while bulk deposition
would mostly indicate dry deposition of fine aerosols (Balestrini et al., 2007); thus wet

deposition is used here.

Nitrogen compounds can be taken up in the canopy (Boyce et al.,, 1996; Ignatova and

Dambrine, 2000) and there is a need to estimate this flux in order to derive dry
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deposition. To estimate nitrogen canopy uptake (CU), we considered that NH,;" uptake
can be equated to the net leaching of base cations, and NOs is considered to be
retained at a fixed efficiency rate related to NH4". To balance the charges, NO3 uptake is
then equated to H* uptake (Staelens et al., 2008; Adriaenssens et al., 2012). It is well
known that NH," is preferentially retained by leaves relative to NO3 and an efficiency
factor of 6 for NH," vs NO3 uptake has been proposed for forests in Europe (de Vries et
al., 2003; Schmitt et al., 2005; Thimonier et al., 2005; Zhang et al., 2006) and will be also

applied here:

xNH4  (TF)NH4 + (TF)NO3
xNH4 = (TF)NH4

CU(NH4 + NO3) = < > « CU(NH4)

with x=6.
2.5. Statistical analysis

Air pollution emissions per country were obtained from the EMEP database site:

http://www.ceip.at/ms/ceip_homel/ceip_home/webdab emepdatabase/reported emissiondata/).

Local urban NO, air concentration data was obtained from the Catalan Air Quality
network for Barcelona (Gracia station; Direcci6 General de QualitatAmbiental,
Generalitat de Catalunya). Data from electricity generation in Spain were downloaded

from Red Eléctrica Espafiola (http://ree.es/es/publicaciones).

Mann-Kendall test were used to analyze trends in emissions for the years reported by
EMEP (1980-2012), and for bulk deposition measured at Montseny (1983-2014). Sen’s
slope estimator was used to indicate the rate of change, a robust method for estimating
the true slope of a linear trend (Gilbert, 1987). Stream water concentration and fluxes
presented a non-continuous record which prevented using the Mann-Kendall tests, thus
differences between an initial (1990-1999) and recent period (2010-2014) were tested
with ANOVA tests. Percent changes for emissions and bulk deposition were also
recalculated for the same years of streamwater data for a more accurate comparison.
Stepwise regressions were used to determine principal contributors to N and S rain

concentrations and deposition at Montseny.
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3. Results

3.1. Changes in emissions

The evolution of emissions in Spain and its neighbouring countries can be seen in Fig. 3.
The significance of the trends was checked with the Mann-Kendall test and percent
reductions or increases were calculated comparing 5-year averages at the beginning and
the end of the reported periods. The significance of the Mann-Kendall Tau, and the %

difference between the 5-yr initial and recent period are shown in Table 2.

Sulfur dioxide reductions were similar in all countries, decreasing between 75 and 85%.
For NO,, Italy and France accomplished higher reductions (51 and 42% respectively)
than Spain and Portugal (34 and 32%). In all countries except Spain, the Mann-Kendall
Tau was significant for NO, (Table 2). The evolution of emissions in France and Italy
showed a change of trend in the early 1990s with a clear declining evolution thereafter
(Fig 2). For Spain, there was an increasing trend until the early 1990s, emissions
remained stable at high levels until around 2005, and since 2006 a sharp declining trend

was initiated (Fig 3).

For NHjs, Spain and France increased emissions by 13% and 1%, respectively, while NH;

emission declined in Italy and Portugal (Table 2).

3.2. Relationship of rain and throughfall chemistry with emissions

Rain concentrations are strongly influenced by precipitation amounts. The time trend of
annual precipitation did not show a significant pattern during the study period (Fig. 2).
Hence, trends in element concentrations in precipitation, though partly influenced by
the variability of the rainfall amount, were probably more influenced by atmospheric

emission and transport processes.

The temporal evolution of SO42', NO3’, and NH;" VWM concentrations in bulk deposition
at Montseny are compared to SO,, NO,, and NHs, Spanish emissions in Figs. 4a, b and c,
respectively. Pearson regression analysis indicated that S0,* VWM concentrations were
strongly correlated with the Iberian Peninsula (sum of Portuguese and Spanish) SO,

emissions (Pearson R=0.85; p<0.0001), with France and ltaly emissions (both R=0.82
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p<0.0001) and with the EU28 emissions as a whole (R=0.65; p=0.0002). S0,”-S
deposition fluxes at Montseny were also highly correlated with emissions (Pearson R
significant to p<0.001 for the Iberian Peninsula, France, Italy and the EU28). Thus, the
effective widespread measures undertaken in Europe since the early 1980 to reduce SO,
emissions have been translated into a reduction in precipitation SO,* concentrations and
S deposition fluxes. However, the rate of reduction was not proportional: while SO,
emissions were reduced around 80% (Table 2), S0,* concentrations and S fluxes were
only reduced by 55-63% when comparing the values in 1995-1996 to those in 2011-2013
(Tables 3 and 4).

The evolution of NO, Spanish emissions from 1980 to 2014 showed different phases: an
increase from 1980 to 1991, a plateau around 1400 Gg NO, from 1992 to 2005, and a
decrease thereafter (Fig 4b). However, when breaking the series considering 2005 as a
tipping year, a significant increase occurred in the first period (p<0.001; Sen slope = 17.9
Gg y7), and a significant decrease from 2005 on (p=0.003, Sen slope= -78 Gg y}).
Similarly, nitrate VWM in bulk precipitation at Montseny increased until 2005 and
decreased thereafter, being significantly correlated with the Iberian Peninsula NO,
emissions (Pearson R=0.66; p<0.0001), but not correlated to France, Italy or the EU28
NO, emissions (p>0.05). Mann-Kendall trend test indicated a significant increasing trend
until 2005 (p=0.001, Sen slope= 0.51 peq L y'l), and a decrease for the second period
(p=0.019) at a rate of -1.65 peq L' y™* (Fig. 4b). When considering emissions for the
whole EMEP record (1980 to 2012), neither NO, emissions nor NOs-concentrations

showed a significant pattern (p= 0.26 and 0.18, respectively).

No significant correlation was found between NOs™-N fluxes at Montseny and emissions,

except for Spanish NO, emissions (p=0.014).

The relevance of the different contributions to NO3; VWM concentrations was tested
with a stepwise regression considering NO, emission data from EMEP (France, Italy, the
Iberian Peninsula and the EU28) and a proxy of local emissions (near-ground NO, air
concentrations in the center of Barcelona from the Catalan Air Quality network) as
independent variables. Precipitation amount was also included due to the marked

dilution effect of rain on N concentrations (Prado-Fiedler, 1990). The model included
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precipitation (standardized coefficient B=-0.31; p=0.012); NO, Barcelona emissions (B=
0.42; p=0.005) and Iberian Peninsula emissions (B=0.43; p=0.011). Correlation
coefficient for this model was r=0.92. Thus, both local and national emissions strongly

affect NO3™ deposition in Montseny.

Spanish NH3; emissions significantly increased between 1980 and 2012 (Table 2), but
NH," concentrations in bulk deposition did not show a significant temporal trend in this
period (p=0.26). From Fig. 4c it can be seen that emissions increased steadily until the
early 2000s and thereafter remained approximately stable. The correlation between
Spanish NH; emissions and NH4;" concentrations in bulk deposition was marginally
significant (R= 0.32; p=0.056), but the correlation increased when considering the
Iberian Peninsula emissions (R=0.36; p= 0.027). No correlations were found between
NH," VWM concentrations in bulk deposition and Italian and France or the EU 28 NH;

emissions, nor for NH,"-N fluxes and emissions of all the above considered countries.

Throughfall was sampled at two moments in this time series: the first (1995-1996) can
be taken to represent the period of high N emissions. The more recent one (2011-1013)
can be taken to represent the current situation, where SO, and NO, emissions have been
reduced but NHs; emissions still increase. Bulk deposition and throughfall VWM
concentrations for these two periods are presented in Table 3. Non sea salt-S0,*
concentrations in bulk deposition and throughfall declined between the two studied
periods (with reductions of 63 and 60% for bulk deposition and throughfall,
respectively). Changes in Spanish and the Iberian Peninsula SO, emissions during this

time span decreased by 72 and 76%, respectively.

Nitrate concentrations decreased in bulk deposition between periods but increased by
23% in throughfall (Table 3). Ammonium concentrations in bulk deposition and
throughfall decreased between periods, with reductions of 46 and 72% for bulk
deposition and throughfall (Table 3) while Spanish NH3 emissions increased by 8% in this
period. Since atmospheric ammonia is principally involved in neutralizing SO, to form
ammonium sulfate aerosols, the strong decrease of SO, may have resulted in a reduced

formation of ammonium aerosols and may have facilitated NH3 dry deposition close to
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sources. However, the N changes in throughfall do not directly show the changes in dry
deposition, since N can be taken up at the canopy level (Ignatova and Dambrine, 2000;
Staelens et al., 2008). To deduce N dry deposition a canopy budget model was applied

which is commented below.

3.3. Dry deposition fluxes derived from a canopy budget model

The methodology used here has been recommended in ICP-Forest manual even though
some uncertainties remain for the estimation of NO3-N exchanges and dry deposition
(Adriaenssens et al., 2012; Staelens et al., 2008). Since the assumptions included in the
model were identical for the two study periods, results may be comparable between
periods. Bulk and wet deposition were recalculated to coincide with the throughfall

periods (Table 4).

The changes for the element fluxes in wet deposition for the years of throughfall data
also indicated strong declines for 50,75 (59%), NH4"-N (54%) and NO5-N (42%, Table 4).
However, based on the CBM estimations, dry deposition decreased for SO,>-S (28%) and
NH4*-N (5%) while it strongly increased for NO3-N from 1.26 to 6.76 kg NO5-N hay™
(Table 4). Thus, while in the first period, NH,"N accounted for most of total inorganic N
dry deposition (94%), in the second it only accounted for 47%. Changes in meteorology

between periods may explain part of these differences, as discussed below.
3.4. Changes in streamwater chemistry

We hypothesized that the described changes in N atmospheric deposition will be
transferred to the stream water, given the low residence time of water within this
catchment which makes it highly responsive to inputs (Bernal et al., 2013). Streamwater
S0,% concentrations decreased by 22% between an initial (1990-99) and a more recent
period (2010-2014, Table 5), a lower decline than that of deposition that suggests soil
sulphate retention. NOs concentrations in streamwater more than doubled (significant
to p<0.1) but the change in NO3-N export was smaller due to the fact that fluxes result
from the product of concentrations by water export which was lower in the second

period. In Fig. 5, a clear change in the ecosystem response relative to N inputs is shown:
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for similar dissolved inorganic N, (DIN = NOs-N + NH4-N) deposition, higher exports were

found in the more recent period (2010-2014), suggesting the onset of N saturation.
4. Discussion

Large changes in the emission of acidifying pollutants have been achieved in Europe
following the implementation of abatement measures in the 1980s. These measures are
costly and there is an interest in contrasting their long-term effectiveness regarding
changes in air quality, precipitation chemistry, atmospheric deposition and the response
of ecosystems. However, the link between emissions, concentrations and deposition is
complex and non-linearities between emission reductions and precipitation
concentrations have been described (Fowler et al., 2005; 2007). Part of the lack of
correlation may be due to the influence of meteorological conditions, which may impose
a high variability to the rain chemistry and deposition series, especially in the
Mediterranean because of its very high precipitation variability. However, long time
series may reveal trends robust enough to describe the relationships between emissions
and deposition. Here, we compared a simultaneous record of 30 years of emissions and
precipitation chemistry and deposition at a site in NE Spain for a period encompassing

marked changes in S and N emissions (Figs. 2 and 3).

In this study we observed similar declines in SO, emissions in Spain (77%) than in
neighbouring countries and the EU28 (75-85%, Table 3). However, the decline in
nssSO4° concentrations in precipitation and SO,>-S deposition was lower (65% and 62%,
respectively) than emissions. A similar pattern was found in a study of emission and
deposition changes for 5 defined source regions in Europe for the period 1980-2000, in
which the regions to which Spain belonged presented a 80% reduction in SO, emissions

and 40-50% reduction in SO4>-S deposition (Fowler et al., 2007).

For the period of common measures of wet deposition and throughfall, while S wet
deposition decreased by ca. 60%, the estimated change in dry deposition between
1995-96 and 2011-13 was only 28% (Table 4), indicating a shift towards a higher
contribution of dry deposition to total deposition (from 25 to 40%) at this site as SO,

emissions are reduced. This may be explained by a drier meteorology in the second
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period (30% less precipitation) but is also consistent with an increase in the SO,

deposition velocity as ambient SO, concentrations are reduced (Fowler et al., 2001).

When considering total deposition amounts (wet + dry), a 55% decline was found. This
decline in S deposition can translate through soils to drainage waters. A previous study
of small headwater streams in the Montseny mountains indicated a 30% decrease of
S0,” concentration in streamwaters from 1980 to 2007 (Avila and Roda, 2012). The
results of the present work corroborate this trend by showing significant differences in
streamwater SO,> concentrations in the TMO stream, and about half S exports from the

catchment in the recent period (Table 5).

The emissions of oxidized N declined by 32% in Spain, a higher reduction than model
estimates for the regions that include Spain in Fowler et al. (2007) which ranged
between a small 2% reduction and a 6% increase. Overall, from 1983 to 2014, NO3
concentrations in precipitation and NOs-N deposition slightly increased (3-4%). Nitrate
concentrations in precipitation were explained (R*= 0.92) by a model that included
variations in precipitation amount, local NO, emissions in Barcelona, and emissions at a
Peninsular scale. Spanish NO, emissions from 1980 to 2013 showed a clear increasing
trend until 2005 and a steep decline thereafter and NO3™ concentrations closely tracked
these changes (Fig. 3b). Main contributors to NO, emissions in Spain are road transport
(33%) and energy use + electricity supply for transport (60%; EEA 2012). Electricity
generation has shifted in recent years in Spain from coal and natural gas to a higher role
of renewable energies. NO, Spanish emissions closely tracked this change (linear
correlation coefficient r= 0.94, p<0.001), suggesting the important role of electricity

generation on NO, emissions and eventually in NOs deposition.

Ammonia emissions increased by 13% in Spain between 1980 and 2012 (Table 2).
However, NH," in precipitation and NH,*-N deposition at the Montseny site showed a
decreasing trend (15% reduction). This can be due to several processes and the
interaction between them. Opposite time trends are involved in the formation of NH,"
aerosols (increasing NH3 and decreasing SO, and NOx emissions): with declining SO, and
NO, emissions in recent years there is a decreasing formation of ammonium sulphate

and nitrate aerosols, thus lower NH," is available to be scavenged by precipitation and
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lower NH4" in precipitation is expected. However, due to the reduced formation of
aerosols, there are changes in the partitioning between NH3/NH;" and this may affect
the residence time of NH,' in the atmosphere and thus the spatial scale of NH3/NH,"
deposition. Fine NH," aerosols are long-range transported so that decreasing SO, and
NO, emissions will tend to decrease NH,;" wet deposition at sites remote from sources,

but enhance local dry deposition of NHs.

Dry deposition changes for N were estimated from throughfall measurements by
applying a canopy budget model that indicated increasing NOs-N dry deposition (Table
4). A reason for this increase may be the very low initial throughfall NOs-N values in the
year 1995-1996, a period that was 30% rainier than usual, thus restraining the dry spells
for dry deposition. As a further check of the validity of the N dry deposition estimates,
we calculated dry deposition with the inferential method using a record of aerosol
concentrations and gases (HNOs;, NO,, NH3) at the La Castanya plot and taking their
deposition velocity (Vg4) from reported values for forests. This estimation was only done
for the 2012 period because of lack of gas measurements in the 1995 period. The
calculation produced a dry deposition estimate of 6.22 kg ha™ yr'1 for N-oxidized and
4.04 kg ha'yr' of N-reduced forms which compared well with the dry deposition
estimate of NO5-N calculated with the CBM (6.76 kg ha™ yr! ) but underestimated
NH;"-N deposition by 50%. However, as a first approach, we can frame the dry
deposition in 2011-2013 for NO3-N and NH."-N in 6-7 kg ha'lyr'1 and 4-6 kg ha'lyr'l,
respectively. Total N deposition in both periods was similar (16-17 kg ha'lyr'l, Table 4),
but the contribution of the dry and wet modes varied between periods: while in 1995
dry and wet deposition fluxes were similar (around 50%), in the recent period dry

deposition dominated (75%).

Chronic addition of N amounts in the range of 15-17 kg ha™yr™ are within the critical
loads proposed for Mediterranean sclerophyllous forests (15-17.5 kgha™yr™; (Bobbink et
al., 2010). Thus, the holm oak forests in the NE Iberian Peninsula may be at the brink of
experiencing adverse effects. One way to explore the N status of an ecosystem is to
monitor the changes in the drainage waters of unperturbed catchments. At present, a

shift is observed towards higher N export.
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5. Conclusions

Emissions of S in Spain, as in other European countries, have strongly decreased (77%)
and that was reflected in reductions for nssSO,> concentrations in precipitation and
S04%-S deposition (around 60%) during the period from 1980 to 2012. The observed
lower decline (29%) in dry deposition was consistent with reports of lower SO,

deposition velocity as ambient SO, is reduced.

NO, emissions in Spain increased from 1980 to 1991, remained constant until 2005, and
decreased thereafter, a pattern that was paralleled by NO;s in bulk precipitation at
Montseny. This pattern seems to be related to a shift in electricity generation from coal
and natural gas to a higher role of renewable energies in Spain. However, dry deposition
increased markedly in the recent period, from 1.3 to 6.7 kg ha™ y'l. Differences between
the 2 periods were probably related to differences in rainfall amount, since the latter

period was drier and the contribution from dry deposition was higher.

NH; emissions have increased by a 13% between 1980 and 2014 in Spain but NH,"
concentrations in precipitation and NH,"-N deposition at the Montseny site showed a
decreasing trend (15% reduction). We suggest that the reduction of SO, and NO,
emissions precludes the formation of ammonium sulphate and nitrate aerosols to be
scavenged by rainfall. The estimations with a canopy budget model showed similar

NH,"-N dry deposition between the compared periods.

The N loads at Montseny were in the range of 15-17 kg ha™ yr', within the critical loads
proposed for Mediterranean sclerophyllous forests (15-17.5 kg ha'lyr'l; (Bobbink et al.,
2010). The onset of N saturation at this Mediterranean holm oak forests is suggested
since higher DIN export during the more recent period sampled was registered under

similar DIN loads.
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Table 1. Study site characteristics.

1995-96 1995-96 2011-13
LC1 RP1 LC2
Altitude (m) 731 535 765
Orientation N SW SW
Diameter at breast high (cm) 11.3+4.8 12.0 + 42 130+ 4.1
Trees-ha™ 2127 1753 2571
Basal area (m?) 26.5 22.3 29.0




721
722
723
724

725  Table 2. Emission trends for Spain and surrounding countries between 1980 and 2012
726  (Portugal, between 1992 and 2012). Negative percent change indicates reduction and
727  positive percent, increase between 5-yr initial and final periods. Man-Kendall p value is
728  also indicated.

Mann-  5-year 5-year
Kendall initial final
p value Gg Gg
Emission Mean SD Mean SD %change
SO, Portugal <0.0001 305 31 48 5 -84
Spain <0.0001 1870 233 430 26 -77
France <0.0001 1004 220 255 29 -75
Italy <0.0001 1302 262 195 18 -85
Iberian P. <0.0002 2175 249 479 28 -78
NO, Portugal 0.003 257 7 170 8 -34
Spain 0.265 1391 28 942 19 -32
France <0.0001 1746 107 1017 44 -42
Italy <0.0001 1863 201 904 53 -51
Iberian P. 0.245 1648 31 1112 26 -33
NH3 Portugal <0.0001 61 2 47 1 -22
Spain <0.0001 339 26 384 6 13
France 0.049 688 9 697 22 1
Italy <0.0001 455 10 388 14 -15
Iberian P.  <0.0001 339 25 437 7 8
729
730
731
732

733
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738

739  Table 3. Water volume (mm y™) and ion VWM concentrations (in ueq L") in bulk

740  deposition (BD) and throughfall (TF) and their percent change between an initial (6 June
741 1995 to 25 June 1996) and final period (1 March 2011 to 1 March 2013) at Montseny.
742  Negative percent change indicates reduction and positive percent, increase, between
743  the two periods.

744
745
Water
vol. pH' H Ak Na* K ca®* Mg®¥ NHs NOs SO, nssSO.> CI
1995-1996
BD 11615 528 87 19.1 21 3.78 369 7.88 327 295 411 386 26.6
TF 8585 6.11 125 76.2 32 64.1 795 262 419 336 712 674 555
2011-2013
BD 860 6.06 19 415 203 32 533 111 17.6 18 16.6 14.2 21.2
TF 694 593 14 757 444 60.8 108 43 11.8 41.3 32 26.7 63.7
%change
BD -26.0 148 78.2 117.3 -3.3 -153 444 40.9 -46.2 -39.0 -59.6 -63.3 -20.3
%change
TF -19.2 -29 120 -0.7 388 -51 358 64.1 -71.8 229 -551 -604 14.8

746 ' Median pH
747

748

749
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756  Table 4. Fluxes in wet deposition (WD), net throughfall (nTF) and Total deposition (TD).
757  Dry deposition (DD) and canopy exchange (CE) fluxes have been derived from a

758  throughfall canopy budget model for an initial (1995-1996) and a recent period (2011-
759  2013). Units in kg ha™ y™.

Na* K* Ca* Mg®  NHs-N NO;-N sumN SO,*-S cr
1995-1996
WD 4.10 1.13 6.29 0.74 5.13 3.51 8.64 6.17 7.23
nTF 2.08 19.5 7.11 1.95 -029  0.37 0.08 3.37 9.27
DD 2.08 0.58 3.12 0.37 6.36 1.26 7.62 2.31 3.75
CE 0.00 18.9 3.99 1.58  -6.65 -0.89 -7.54  0.59 5.52
D 6.18 1.72 9.41 1.11 11.5 4.77 16.3 9.34 11.0
2011-2013
WD 4.59 0.98 9.78 1.17 2.36 2.03 4.39 2.52 6.44
nTF 3.02 18.4 8.02 310  -1.04  2.60 1.56 1.53 11.5
DD 3.02 0.65 6.40 0.77 6.07 6.76 12.8 1.66 4.24
CE 0.00 17.8 1.58 233  -712  -416  -11.3  -013  7.23
D 7.61 1.63 16.2 1.94 8.43 8.79 17.2 4.18 10.7

WD %change  12.0 -13.3 55.5 58.1 -54.0 -42.2 -49.2 -59.2 -10.9
DD %change  45.2 12.1 105.1 108.1 -4.6 436.5 68.4 -28.1 13.1
TD %change 23.1 -5.2 72.4 74.8 -26.7 84.3 5.8 -55.2 -2.7
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765  Table 5. Comparison of stream conductivity, ion VWM concentrations (in peq L’l), water
766  drainage (mm y™?) and fluxes in streamwater (in kg ha™* y!) from the TMO catchment.
767  Differences between periods were tested with ANOVA (initial period=1990-1994. recent
768  period =2010-2014) and significant differences are highlighted in bold.Percent

769  differences between periods are also indicated.

770
Water Cond.  Alk Na* K* Ca® Mg NO;y SO.5 CI

VWM

1990-1999 - 53.6 291 197 8.2 203 192 45 157 90.7

2010-2014 - 63.7 383 219 7.2 253 145 11.2 123 954

p-value - 0.001 0.012 0.053 0.36 0.002 0.064 0.081 0.005 0.47

%change 19 32 11 -12 25 24 250  -22 5

Export flux NOs’N SO4S

1990-1999 403 1105  17.7 1.29 15.9 6.1 033 101 129

2010-2014 283 1043 14 0.84 14.4 4.9 049 565 9.6

p-value 0.35 0.83  0.47 0.3 0.68 0.47 055 0.15 0.4

%change -30 -6 21 -35 -9 -20 48 44  -26
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Figure captions

Fig. 1 Study site at La Castanya (Montseny mountains, NE Spain). LC1 corresponds to
1983-2000 bulk deposition and 1995-1996 throughfall measurements. LC2 corresponds
to 2002-2014 bulk deposition and 2011-2013 throughfall measurements. The Torrent
de la Mina catchment (TMO) is also indicated.

Fig 2. Precipitation and drainage from the Torrent de la Mina stream for the period
1983-2014. Units are mm y *. Hydrologic years defined from 1 September.

Fig 3. Temporal evolution of emissions reported to EMEP (in Gg) for Spain and
neighbouring countries. a) SO,, b) NO,, c) NHs.

Fig 4. Temporal evolution of annual VWM concentrations in bulk deposition at la
Castanya (Montseny)and annual Spanish emissions. a) SO, mean concentrations in bulk
deposition and SO, emissions, b) NO3 mean concentrations in bulk deposition and NO,
emissions, c) NH; mean concentrations in bulk deposition and NH3 emissions.

Fig 5. Dissolved inorganic nitrogen (DIN = NO3-N + NH4-N) annual fluxes in the
streamwaters draining the TMO catchment vs. annual DIN bulk deposition fluxes at the
site, for two recording periods.
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SO2 emission (Gg)

NO2 emission (Gg)

NH3 emission (Gg)

837

838

4000 —@— Portugal SO2
—e— Italy SO2
—&X— France SO2
2000 —o— Spain SO2
2000+ -
©o
1000+ L
&ggg
90050000 9057
0 : ‘.0‘.0;

2500

T T T T T
1975 1980 1985 1990 1995 2000 2005 2010 2015

—®@— Portugal NO2

2000

1500

1000

500 +

0

—®— |taly NO2

—&— France NO2

—O— Spain NO2

g 4 T V9N

1000

1975 1980 1985 1990 1995 2000 2005 2010 2015

—®— Portugal NH3

—e— Italy NH3

800 +

600 -

400 |

200

0

—&— France NH3

—O— Spain NH3

e P R

M gJZE

W@

Oooooodooooo

T T T T T T T
1975 1980 1985 1990 1995 2000 2005 2010 2015



Fig4

839

Spanish mON emissions (Gg)

o o o o 8
<] ] <] S 8
S) S S] S] =]
< ® « = o
L L L L
N
@)
1o L
£
]
a
E ) L
] W L
1z L
@)
n
T T T T
o o) o o o
& o©

100

(.71 bar)’ 0s uonisodap %ing

ST0C

0T0C

S00¢

000¢

G661

0661

G861

0861

G/61

Spanish emissions NO2 (Gg)

o

o o

o o

— 1)
I I

1500

[ NO3 vwm]| —o—Spain NOZ]

50
0
0
0
0

(;.1 barl) ¥ ON uomisodap xing

ST10C

0T0¢C

S00¢

000¢

S66T

066T

G86T

0867

S.6T

500

Spanish Z_._w emissions (Gg)

o o o

o o

< [s2) N
I |

100

—5—Spain NH3

—¢—NH4 VWM

100

T
o

[se] © < N
14

(;.1 ba) "HN uonisodap sjing

ST0C

0T0¢

S00¢

000¢

S66T

0661

G86T

0861

G.61

840

841



842

843

844

Fig 5

DIN streamwater (kg ha '1]

1,5 ' ' ' '
® DIN1990-99 ®
4 DIN 2010-14
1] i
** °
0,5 ® B
*
* o%e
O T |. ’_. T T
2 4 5 8

DIN bulk deposition (kg ha },ﬂ]

10



