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Abstract 20 

Sulfur (S) and nitrogen (N) increasing anthropogenic emissions in the last 21 

century has arisen wide concern on the ecological effects of S and N 22 

deposition. In this paper, we use bulk deposition and stream water 23 

measurements in the central Pyrenees (PYR-C and PYR-AT sites) and Montseny 24 

(MSY-TM0) covering different time lengths in the period 1983-2017 to 25 

investigate how these mountain environments respond to ongoing changes of 26 

regional emissions to the atmosphere. PYR-C, in spite of its position far away 27 

from urban and industrial areas, presented higher SO4–S, NO3–N and NH4–N 28 

bulk deposition than the Montseny site closer to Barcelona and the inclusion 29 

of dry deposition only reversed this pattern for NO3–N. This indicates that 30 

distance to pollution sources does not protect these mountain sites from a 31 

considerable impact of pollution. Time-trends in SO4
2- and NO3

- 32 

concentrations in bulk deposition were similar between sites: SO4
2- 33 

monotonically decreased, while NO3
- increased until the mid-2000s and 34 

decreased thereafter. In the period 1983 to 2017, SO2 emissions in Europe (EU-35 

28) decreased by 95%, while in the SO4
2- concentrations in bulk deposition 36 

declined by 35-50% in Pyrenees and Montseny respectively and SO4
2- 37 

concentrations in the streams by 25-35%, respectively. Other sources of SO4
2- 38 

(e.g. episodic African dust) may explain the different reduction rate between 39 

anthropogenic emissions and bulk deposition. Net S budget was positive for 40 

MSY-TM0 (indicating flushing from the catchment) and negative for the PYR-41 

C site (indicating retention), while it was close to zero for the other Pyrenean 42 

site, but in the PYR-C site net retention showed a significant increasing trend 43 

tending to lower retention in recent years.  Bulk N deposition in the Pyrenees 44 

was lower but stream concentrations and export was higher than at 45 

Montseny, this leading to less N retention in the Pyrenean sites. However, the 46 

MSY-TM0 site showed a trend towards less N retention in recent years. This 47 

was driven by higher exports during the wet months, which would 48 

correspond to a first stage of N saturation according Stoddard’s 49 

classification.  50 



3 
 

Keywords: atmospheric deposition, nitrogen, sulfur, mountain ecosystems, 51 

stream water chemistry, emissions, air pollution  52 



4 
 

1 . Introduction  53 

The increase of anthropogenic emissions during the second half of the XX 54 

century has raised a wide concern about the effects of sulfur (S) and nitrogen 55 

(N) deposition on natural ecosystems. Sulfur dioxide gas (SO2) is emitted to 56 

the atmosphere mainly from coal combustion. The main emission of N 57 

oxidized compounds (NOx) comes from the use of fossil fuels in transport and 58 

industry and that of reduced nitrogen compounds (NH3) comes from the 59 

intensive use of fertilizers in agriculture and from livestock production  (Monks 60 

et al., 2009; EEA, 2016). 61 

This anthropogenically enhanced circulation of S and N has been found to 62 

cause the acidification of soils and waters and, in the case of N, the 63 

eutrophication of N-limited ecosystems (Galloway 2008; Gruber and Galloway 64 

2008; Vitousek et al., 1997).  65 

To counteract the adverse effects of atmospheric deposition of pollutants, the 66 

Convention on Large-Scale Transboundary Air Pollution (CLRTAP; 67 

www.unece.org/env/clrtap) was set in 1979 with the aim “to protect man and 68 

his environment against air pollution” and “to limit and, as far as possible, 69 

gradually reduce and prevent air pollution including long-range transboundary 70 

air pollution by means of policies and strategies”. To date, eight binding 71 

protocols have been implemented, one of which is the Gothenburg Protocol to 72 

abate Acidification, Eutrophication and Ground-level Ozone that deals with 73 

reduction of N, S, volatile organic compounds and ozone emissions and 74 

evaluates their multiple effects on ecosystems (UNECE 75 

http://www.unece.org/env/lrtap/status/lrtap_s.htm). This protocol establishes 76 

national emission ceilings for SO2, NOx, NH3 and VOCs, which, jointly with 77 

European policies (e.g. Directive on Ambient Air Quality) have resulted in 78 

important pollutant reductions. In December 2016 entered into force the 79 

National Emission Ceilings Directive (NECD, 2016/2284/EU). This new Directive 80 

sets 2020 and 2030 emission reduction commitments for SO2, NOx and NH3, 81 

among other pollutants. To evaluate the efficacy of the control measures, 82 

the implementation of an effects-oriented monitoring network is required to 83 

http://www.unece.org/env/clrtap
http://www.unece.org/env/lrtap/status/lrtap_s.htm
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv:OJ.L_.2016.344.01.0001.01.ENG&toc=OJ:L:2016:344:TOC
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the member states. In Spain, 25 monitoring stations have been selected from 84 

sites included in the monitoring programme of the Water Framework 85 

Directive to report about the effects of pollution abatement measures on 86 

freshwater chemistry. Two lakes close to the Pyrenean sites studied in this 87 

work (Estany de Travessany and Estany Negre de Boí) have been included in 88 

the NECD network, but the sites here analysed do not pertain to this 89 

network.  90 

As a result of these ongoing abatement measures, atmospheric S deposition 91 

has steeply decreased since the mid-1980s in Europe and North America 92 

(Skjelkvåle et al., 2005; Fowler et al., 2005). However, advances to reduce N 93 

emissions lagged behind those of S and the pace of reduction differed among 94 

the different European countries (Fowler et al., 2007).  Moreover, the 95 

response differed depending on the type of N compound: oxidized N 96 

emissions tended to decline while NH3 emissions did not (Fagerli and Aas 97 

2008; Konovalov et al., 2008; Waldner et al., 2014). The lower pace of 98 

reduction of NH3 emissions has been attributed to milder international 99 

commitments to mitigate NH3 emissions and to increasing livestock and 100 

fertilizer production (Sutton et al., 2013). Deposition followed a similar 101 

pattern, with NO3–N deposition declining more consistently than NH4–N 102 

deposition (Fowler et al., 2007). 103 

In Europe, a number of studies have analyzed the trends in rainfall chemistry 104 

and atmospheric deposition at a continental (Fowler et al., 2005, 2007; Fagerli 105 

and Aas, 2008; Torseth et al., 2012; Waldner et al., 2014), national (Thimonier 106 

et al., 2005; Marchetto et al., 2013; Pascaud et al., 2016) or regional scale 107 

(Rogora et al., 2006). Most of these studies interpreted deposition changes in 108 

relation to changing emissions. In NE Spain, time trends in rainfall chemistry 109 

and deposition in mountain and rural sites have also been reported (Avila et 110 

al., 2010; Camarero and Aniz, 2010). However, up to now no studies have 111 

analyzed the consequences of the abatement measures on stream water 112 

chemistry and catchment budgets in this area. 113 
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Small catchments have been widely used to describe the ecosystem-level 114 

response to changes in pollutant inputs and /or human perturbations (Likens, 115 

2013). The approach is based on the assumption that inputs (wet and dry) to 116 

the system can be appropriately measured, and that losses occur mostly in 117 

dissolved form in stream waters while the loss to groundwater is considered to 118 

be negligible.  In these conditions, a budget for the elements of interest can be 119 

calculated and inferences can be drawn about the state of the ecosystem 120 

regarding element loss or retention (Prechtel et al., 2001; Oulehle et al., 2008;  121 

Kothawala et al., 2011; Mitchell 2011).  122 

Long-term data series of deposition and export fluxes in stream water in 123 

north-eastern Iberian Peninsula are here used to:  1) analyze N and S bulk 124 

deposition trends related to emissions from Spain and neighboring countries, 125 

and 2) explore the catchment responses to these trends by analyzing stream 126 

water SO4
2-  and dissolved inorganic nitrogen (DIN) water concentrations and 127 

export fluxes. We then, assess the status of these ecosystems regarding the S 128 

and N budget at the catchment scale. 129 

2. Material and Methods 130 

2.1 Experimental sites 131 

The study was conducted in two mountain areas separated by around 150 km 132 

(Montseny and Pyrenees) located in the northeastern Iberian Peninsula. The 133 

Montseny site comprised one catchment, named TM0. The Pyrenean site 134 

comprised two catchments: one in the Conangles valley (named PYR-C) and 135 

the other in the Sant Nicolau valley within the Aigüestortes i Estany de Sant 136 

Maurici National Park (named PYR-AT; Fig. 1, Table 1).  137 

The MSY-TM0 site (41o 46’N, 2o 21’E, 696 m.a.s.l.) is 40 km to the NNE of 138 

Barcelona, and 27 km from the Mediterranean Sea. This site is considered as a 139 

rural background station with some influence of pollution from the 140 

metropolitan area of Barcelona (Pérez et al., 2008). During the warm summer, 141 

highly polluted air masses from the industrialized area around Barcelona are 142 

transported upslope towards the site from the sea to the mountain by 143 
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breezes (Pérez et al. 2008; Pey et al. 2009). Climate is montane 144 

Mediterranean sub-humid, with high interannual precipitation variability 145 

(range from 503 to 1638 L m-2 yr-1 in the period 1983-2017; mean: 857 L m-2 146 

yr-1; Table 1) and seasonal variability, with higher precipitation in spring and 147 

autumn. Mean air temperature at MSY-TM0 was 12.9 oC for the same period.  148 

Vegetation at MSY-TM0 consists of a dense and closed canopy forest 149 

dominated by holm-oak (Quercus ilex L.) and beech (Fagus sylvatica L.) and 150 

heathlands at the summits. The holm oak forests were heavily exploited for 151 

charcoal production until ca. 1950 and later on they have remained 152 

undisturbed (Sánchez and Hereter, 1999).  153 

The MSY-TM0 catchment has an area of 200 ha and mean slope 26o. Its slopes 154 

are covered with holm oak and beech forests while its upper plateau is 155 

covered by open heathlands (Table 1).  Lithology at this area is composed by 156 

Ordovicic schists.  Soils at the steep slopes of TM0 are very shallow with a 0-157 

5-cm depth organic layer and depths of 0.25 to 1.5 m (based on 5 soil 158 

profiles; Hereter, 1990). Spatial heterogeneity is high because of the rugged 159 

topography. Most of the soils in the slopes are colluvial with discontinuities 160 

in the distribution of abundant stones and  with little vertical distinction in 161 

morphological features. Soils are acidic (pH from 4.6 to 5.3), acidity being 162 

buffered mainly by silicate weathering and cation exchange. Calcium is the 163 

dominant exchangeable base cation, and it is especially abundant in the 164 

upper organic soil (9.5 cmolc kg-1) for a catchment exchange capacity (CEC) of 165 

16.4 cmolc kg-1. In the mineral soil, base saturation is low (37%), with Ca and 166 

Mg amounting to 1.5 and 1.4 cmolc kg-1 respectively for a CEC of 10.9 cmolc 167 

kg-1. There is a significant positive relationship between CEC and the content 168 

of soil organic matter (Hereter, 1990). Soils at TM0 are classified as Entisols 169 

(Lithic Xerorthents) or Inceptisols (Typic, Lithic or Dystric Xerochrepts; Soil 170 

Survey Staff, 1992). The main pedogenetic process is the formation of a 171 

cambric horizon, with moderate illuviation (Hereter, 1990). 172 

The Pyrenean sites are two high mountain catchments. The PYR-AT catchment 173 

outlet (station code AT07) is at 42o 33’ 5”N, 0o 55’ 2”E and PYR-C outlet (code 174 
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RA04) at 42o 37’ 17”N, 0o 45’ 59”E. Atmospheric precipitation in PYR-AT was 175 

collected at 42o 33’ 4”N, 0o 53’ 5” N (station code EMABA) 1677 m a.s.l. In  176 

PYR-C precipitation was collected at two stations: EMARE (42o 38’ 18”N, 0o 46’ 177 

44”E 2248 m a.s.l.) during 1997-98, 2000-01, and from 2004 to 2014; and 178 

CRAM (our field station and lab, 42o 37’ 18’N, 0o 45’ 57”E 1600 m a.s.l.) from 179 

1997 to 2004. The good agreement between the measurements in both 180 

stations during the overlapping years allowed us to merge the two data series 181 

in a unique series from 1997-98 to 2012-13 at PYR-C.  182 

Both catchments are in the central part of the Pyrenean range, distant 170-183 

195 km from the Mediterranean Sea to the east and ~200 km to the Atlantic 184 

Ocean in the northwest. The origin of the wet air masses causing precipitation 185 

in the area is roughly 50% from each side (Camarero and Catalan, 1996). Major 186 

urban and industrial areas are at 120 km (Toulouse, southern France), 180 km 187 

(Barcelona) and 270 km (Basque Country, north Spain). These high elevation 188 

sites are considered to be remote background locations in the European 189 

context (Camarero and Catalan 1996, Camarero, 2017).  Vegetation consists of 190 

alpine meadows (mostly Carici-Festucetum eskiae and Ranunculo-Festucetum 191 

eskiae ) and bare rock in the highest area of the catchments, above c. 2000 192 

m.a.s.l. Below this altitude, bushes of Rhododendron ferruginea  and Pinus 193 

uncinata forests dominate the landscape. Forested areas occupy only abount 194 

one third of both catchments. The lithology of the catchments is granite. Soils 195 

on the slopes are very shallow and well drained with an organic layer 4-6-cm 196 

deep and an A horizon 20-30 cm deep directly developed over granite. 197 

Texture is silty-loam with abundant stones and boulders (stone content = 198 

68%, Camarero et al., 2009). Soils are acidic (pH from 4.2 to 4.6 in Redó lake, 199 

a location within the Conangles area), acidity being buffered mainly by 200 

silicate weathering. Cation exchange capacity (CEC) is 21-24 cmolc kg-1 201 

(Boixadera et al., 2014) and base saturation (percentage of exchangeable 202 

base cations to CEC) in Redó lake is 48% (Camarero et al., 2009). Spatial 203 

heterogeneity is high due to the steep topography. Soils are classified as 204 

Lithic Udorthent (Soil Survey Staff, 1992). 205 
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Climate is Alpine, with precipitation evenly distributed during the year and 206 

temperatures below zero during winter. Annual precipitation ranged between 207 

914 and 2008 L m-2  in PYR-C (period 1997-98 to 2013-14; average=1456 L m-2, 208 

Table 1) and between 818 and 1680 L m-2  in PYR-AT (period 2004-05 to 2013-209 

14; average=1134 L m-2 ). Precipitation occurs in the form of snow during circa 210 

half of the year. Mean yearly air temperature was 7.8oC at 1677 m a.s.l. 211 

(EMABA station) and 2.9oC at 2248 m a.s.l. (EMARE station). PYR-AT catchment 212 

has an extension of 2632 ha, with a mean altitude of 2372 m a.s.l. (range 213 

1821-2950 m) and mean slope of 29o. PYR-C catchment has an area of 760 ha, 214 

mean altitude 2209 m a.s.l. (range 1571-2855 m) and mean slope of 31o. 215 

2.2 Field sampling and chemical analysis 216 

2.2.1 Field and laboratory procedures  217 

Throughout the paper hydrologic years are defined from 1 September to 31 218 

August and named after the final months (e.g. 1983-1984 = 1984). 219 

In Montseny, sampling of bulk deposition (BD) and the TM0 stream waters 220 

was conducted from 1984 to 2017, though with some interruptions (see 221 

below). Bulk deposition was collected weekly from September 1983 to 222 

September 2000 at the plot named LC1 and from September 2002 to 223 

September 2017 at the plot named LC2 (Fig. 1). Four collectors (funnels of 19 224 

cm diameter connected through a tube loop to 10L bottle) were deployed 225 

from 1 August 1983 to 1 May 1993 in a clearing of the forest in the lower 226 

part of the catchment (Fig. 1). From that date to 29 December 2010 (no data 227 

on 2001 and 2002) and from 5 January 2011 to today, two collectors were 228 

used consisting on funnels of 19.5 cm diameter and 30 cm height (NILU 229 

model) connected directly to a 2L bottle in a clearing outside the catchment. 230 

The stations also comprised a meteorological Campbell tower, a Hellman 231 

standard rain gauge and a wet deposition collector (data not used here). LC2 232 

station, situated ~100 m away from the forest edge, while LC1 was in a 233 

clearing of ~40m diameter within the forest (Fig 1). Cleaning procedures for 234 

funnels, tubes and bottles included repeated washes with deionized distilled 235 
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water in the field and the laboratory until the electrical conductivity of the 236 

rinse was ~ 1.5 S cm-1. Field blanks were periodically collected and analyzed. 237 

The collection procedure was basically the same in the Pyrenees. From spring 238 

to autumn, bulk deposition collectors similar to the MSY-TM0 ones were 239 

deployed, though the funnels used in the Pyrenees had a diameter of 25 cm. 240 

During winter an open totalizer was used to collect snow, instead of a funnel. 241 

The totalizer consists of a large volume (50 L) container with a permanently 242 

open cylinder directly fitted on it instead of a funnel with a tube. A wind 243 

screen was placed around de collector opening to prevent wind disturbance 244 

of snow collection. 245 

The full sample of snow was carried to the laboratory and allowed to melt at 246 

room temperature and energetically mixed before subsampling. Samples from 247 

CRAM were collected on a daily basis in 1997 and 1998 and on a daily event 248 

basis thereafter (up to 2004). At EMARE station, samples were collected 249 

monthly.  At EMABA station (PYR-AT), samples were collected fortnightly from 250 

2004 to September 2013, and monthly afterwards. 251 

The stream draining the TM0 catchment was gauged with a 120o V-notch weir. 252 

Water level was continuously measured with a stage OTTTM recorder until 253 

August 2000 and with a water pressure probe (Diver-SchlumbergerTM) from 254 

2000 onwards. In the Pyrenees, gauge stations were installed in reaches of the 255 

streams forming a channel with a constant section along a 10-20 m distance, 256 

with a smooth bottom and without big obstacles so that the flow was nearly 257 

laminar. Runoff measurements were carried out by measuring 20 cm-spaced 258 

vertical water velocity profiles (Global Water FP111 flow meter) along the 259 

section of the reaches. Runoff was computed as the product of the velocities 260 

field by the section area. The measurements were repeated at different water 261 

levels in order to calibrate runoff against level. Water level loggers (Global 262 

Water GL15 and GL16 models) were installed in the reaches to monitor and 263 

record water level at 30 min intervals. Typical recession time after storms and 264 

snow melting is in the order of a few to 48 hours, so a 30 min sampling 265 

interval captures well all significant discharge peaks.  266 



11 
 

Grab samples of stream water were collected in high-density polyethylene 267 

250-ml bottles previously rinsed with distilled deionized water and triple-268 

rinsed with sample water prior to sampling. In Montseny, samples were 269 

collected several meters upstream from the weir stilling pond with an 270 

approximately weekly schedule. The sampling of TM0 was in three 271 

discontinuous periods: from 1983-84 to 1985-86, from 1990-91 to 1998-99 272 

and from 2010-11 to 2016-17.  273 

In the Pyrenees, PYR-C (code RA04) was sampled monthly in July 1997-July 274 

1998,  weekly in July 1998-July 2001, fortnightly in July 2001-Sept 2013, and 275 

monthly in Sept 2013-July 2014, while PYR-AT (code AT07) was sampled 276 

fortnightly since 2004 to September 2013, and then monthly until July 2014. 277 

All water samples were taken to the respective laboratories (CREAF for 278 

Montseny and CRAM for Pyrenean samples) and processed according to 279 

previously described protocols (Avila, 1996; Avila and Rodà, 2002; Camarero 280 

and Catalan, 1993). Within 48h of sampling, alkalinity and pH were measured 281 

in unfiltered samples and 60ml aliquots were filtered through 0.45m size 282 

pore membrane filter and stored frozen. Ammonium, NO3
- and SO4

2- were 283 

analyzed by ion chromatography (Dionex, Sunnyvale, USA) at CREAF for 284 

Montseny samples and by capillary electrophoresis (Quanta 4000, Waters) at 285 

CRAM for Pyrenean samples. Analytical precision and accuracy were checked 286 

routinely using external references (National Bureau of Standards, reference 287 

materials 2694-I and 2694-II) and by participating in European intercalibrations 288 

(Hovind 2006). Also, analytical quality was checked with a: 1) conductivity 289 

index (ratio of measured conductivity to conductivity calculated from the 290 

concentration of all measured ions and their specific conductivities), 2) an 291 

ionic index (ratio of the sum of cations to the sum of anions). A 20% variation 292 

about the central index value (1.00) was accepted, according to the ICP-293 

Forest manual (ICP-Forest Manual, 1998).  294 

At MSY-TM0, volume weighted mean (VWM) concentrations for BD were 295 

calculated considering precipitation data from a standard Hellman rain gauge. 296 
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At  the Pyrenean sites, precipitation was obtained from a Geonor T200 297 

snow/rain recorder connected to a Campbell meteorological station. Bulk 298 

deposition fluxes were obtained as the product of annual VWM 299 

concentrations in BD by annual precipitation. 300 

2.2.2 Estimation of dry deposition 301 

Because BD funnels are open to the atmosphere, BD includes the part of the 302 

dry deposition flux derived from sedimentation of coarse particles. But on 303 

the other side, BD collectors underestimate dry deposition of gases and fine 304 

particles, which mostly occur by turbulent transfer to vegetation (Lovett, 305 

1994). Therefore, to have an estimation of total deposition (TD), dry 306 

deposition of gases and small particles should be added to BD fluxes. 307 

Throughfall (TF), the solute flux in water recovered below the forest canopy 308 

which has washed dry deposited gases and aerosols (Parker, 1983), has been 309 

particularly used for this estimation (Lindberg and Garten, 1988; Butler and 310 

Likens, 1995; Balestrini et al., 2007). In Montseny, previous throughfall 311 

studies in holm oak forests indicated that  SO4–S, NH4–N and NO3–N dry 312 

deposition contributed 35%, 50% and ~70%  to TD, respectively (Aguillaume et 313 

al., 2016; Avila et al., 2017). For S, the dry deposition contribution as 314 

evaluated from net throughfall fluxes in these forests increased between 315 

1995-96 and 2011-13, from 27 to 40% of total deposition (Aguillaume et al., 316 

2016). This change in wet vs. dry deposition partitioning may be related to the 317 

ongoing SO2 emission reductions, whereby a steeper decline in the wet 318 

pathway is occurring in this region, in a contrary pattern to that reported for 319 

the UK (Fowler et al., 2005). We interpret this particular trend as related to 320 

drier meteorological conditions in this Mediterranean area. In the absence of 321 

detailed studies on trends of SO2 dry deposition in the Iberian Peninsula and 322 

on the possible influence of climate variation on DD partitioning, we 323 

assumed a constant value of 35% for SO4–S DD. To derive N dry deposition at 324 

MSY-TM0, the percent DD contribution to TD obtained with the use of the 325 

Canopy Budget Model described in the ICP-Forest Manual (2010) was applied 326 

to the MSY-TM0 series.  327 
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Because TD is obtained as the sum of wet deposition (WD) plus DD, we 328 

applied a correction to convert BD to WD, based on a parallel record of 329 

measurements at MSY-TM0 during 2009 and 2010. The comparison showed 330 

that BD exceeded WD by 10% both for SO4–S and NO3–N (Izquierdo and 331 

Avila, 2013). For NH4–N, WD was lower than BD, probably a result of 332 

biological transformation of NH4
+  in the collection vessel (Cape et al. 2009). 333 

Therefore, SO4–S and NO3–N were corrected to calculate TD, but no 334 

correction factor was applied for NH4–N. 335 

No TF measurements were available in the Pyrenean catchments, so the DD 336 

contribution to TD was explored from throughfall data from coniferous 337 

forests in central and south Europe. Percentage of DD to TD was 30% for 338 

SO4–S and 40% for NO3–N and NH4–N (Balestrini et al., 2007; Adrienssens et 339 

al., 2012; Kirchner et al., 2014).  These percentages were very similar to 340 

those extracted from model estimates of DD (EMEP model; www.emep.int) 341 

at the grid cells of the Pyrenean sites: 35% for SO4–S, NO3–N and NH4–N. DD 342 

differences between the two methods were very small (in the decimal range) 343 

and we retained the average value of the two approaches. 344 

Atmospheric emissions of SO2, NH3 and NOx for Spain, France, Italy (available 345 

period from 1980 to 2015) and EU-28 (available period from 1987 to 2015 for 346 

NOx and from 1990 to 2015 for SO2 and NH3) were downloaded from the 347 

http://www.ceip.at/webdab-emission-database site. 348 

2.2.3 Runoff and calculation of export fluxes 349 

Export fluxes were calculated from the stream water time series as the 350 

product of instantaneous solute (weekly or biweekly) concentration by the 351 

water discharge between successive time steps that correspond to the sample, 352 

and summing up these segmented fluxes for the water year. This procedure 353 

has been considered appropriate after evaluation and comparison with 354 

other calculation methods (Rekolainen et al., 1991; Swistock et al., 1997; 355 

Stone et al., 2000). Volume weighted mean concentrations in the stream 356 

water were calculated by dividing the annual export fluxes by the annual 357 

http://www.ceip.at/webdab-emission-database
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water runoff. Ammonium in stream water was below the detection level (limit 358 

of detection = 0.5 eq/L) in MSY-TM0 and very low values were found in the 359 

Pyrenees. Therefore, dissolved inorganic N (DIN) fluxes in stream waters only 360 

will consider NO3–N at both sites. Organic N was not measured in this work, 361 

but an approximation has been made based on DON deposition fluxes at 362 

MSY-TM0 measured in 2012-2013 by Izquieta-Rojano et al. (2016). They 363 

reported a DON deposition of 3.1 kg N ha-1 yr-1  for BD and 12 kg N ha-1 yr-1  364 

for TF, but part of this later was due to internal DON circulation. In another 365 

holm oak 50 km distant, DON TF deposition was 5 kg N ha-1 yr-1  (Izquieta-366 

Rojano et al., 2016). As a more conservative estimate, we will retain this 367 

later value for DON total deposition. DON export is preliminarily 368 

approximated from DON measurements in the TM0 stream in two dates, in 5 369 

June 2014 and 20 May 2015, giving values of 0.15 and 0.11 mg L-1, 370 

respectively. In May-June, the stream is not affected by high flows (usually 371 

occurring in early spring and fall) and because summer drought has not yet 372 

started, we considered these samples to be representative for the year as a 373 

tentative exercise. Computation of export considering these concentrations 374 

and the annual discharge for hydrological years 2014 and 2015 gave an 375 

average export DON of 0.18 kg N ha-1 yr-1 for this period, which an be 376 

compared to the DON input recording in 2012-2013. 377 

The budget (net flux) in the catchments is calculated as the difference 378 

between stream exports minus total deposition (TD). Thus, positive net 379 

fluxes indicate element release and negative net fluxes indicate element 380 

retention in the catchment. 381 

To define N saturation we will consider the classification of Stoddard (1994). 382 

In this proposal, the degree of N saturation of an ecosystem is determined by 383 

classifying the patterns of the seasonal NO3
-  variation in stream waters, 384 

whereby stage 0 would be when no impact of N deposition is observed on 385 

stream NO3
-  concentrations, stage 1 when NO3

-  is observed to leak on a 386 

seasonal basis (e.g. with high spring stream concentrations), stage 2 when 387 

NO3
-  concentrations are also high during baseflow conditions but they are 388 
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still lower than deposition concentrations, and stage 3 when the NO3
-  389 

concentrations during the growing season are high and the catchment 390 

becomes a net exporter of NO3
-.  391 

2.2.4 Trend analysis 392 

Trends were analyzed with the Man-Kendall method using the MAKESENS 393 

program from the Finnish Meteorological Institute (Salmi et al., 2002), 394 

retaining the Sen slope as a descriptor of the rate of change.   395 

To compare deposition between sites, we considered the common period of 396 

measurements at all sites (n=10 years from 2005 to 2014, except n=9 years 397 

for PYR-C with end of record at 2013; Table 3). Trend analysis was also 398 

explored for this shorter and more recent period (2005-2014) to discern if 399 

patterns were constant when focusing on different time lapses. For stream 400 

water export, this inter-site comparison exercise was not possible due to 401 

little overlapping of recording periods between MSY-TM0 and the PYR sites. 402 

The existence of break points in the series was analysed through segmented 403 

regression analysis with the R “segmented” package (Muggeo, 2008). 404 

Linear correlation of elements between sites and between emissions and 405 

deposition was explored using the StatisticaTM software. 406 

3. Results and discussion 407 

3.1. Temporal changes of emissions and concentrations in bulk deposition 408 

Sulfur dioxide emissions in Spain, France, Italy and the summed 28 EU 409 

countries (EU-28) showed a clear decreasing trend for the last 3 and a half 410 

decades (Table 2). Previous work has shown that the abatement measures 411 

established in the Gothenburg Protocol have produced a robust general 412 

decreasing trend for S emissions and deposition in Europe in this period 413 

(Prechtel et al., 2001; Fowler et al., 2007; Fagerli and Aas, 2008; Waldner et 414 

al., 2014). This has led to a reduction of rainfall acidity and to the recovery of 415 

lakes from acidification in extended regions of Europe and North America 416 

(Driscoll et al., 2003; Evans et al., 2001; Jeffries et al., 2003).  417 
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Annual SO4
2-  VWM concentrations in BD were highly correlated between  sites 418 

(linear correlation coefficient varying between 0.75 and 0.96; Table 1 suppl. 419 

material) and showed significant declining trends (Fig. 3). Sulfate 420 

concentrations in precipitation showed the highest correlation between the 421 

two Pyrenean sites (r= 0.96), but the correlation between Montseny and the 422 

two Pyrenean sites was also very high (r=0.80 and 0.75; Table 1 suppl. 423 

material). Linear correlations of SO4
2- concentrations and fluxes with SO2 424 

emissions from Spain, France, Italy and the EU-28 were explored taking into 425 

account one year lag time or no lag time, and showed higher correlations 426 

when no time lag was considered (Table 2 suppl. material). This indicates 427 

that the SO4
2- content in precipitation collected at Montseny and the central 428 

Pyrenees in the last decades has rapidly reacted to changes in emissions. 429 

High correlation of deposition to neighbor countries emissions indicate that 430 

S had both a peninsular and transboundary origin, similarly as reported in 431 

other works in Europe (Fowler et al., 2007; Fagerli and Aas, 2008). These 432 

results also show the relevant effect that Spanish and European abatement 433 

measures have had on SO4
2- concentrations in precipitation in these sites. 434 

It is noticeable the fact that Italian emissions were related to SO4
2- 435 

concentrations in precipitation of the two study sites. Previous analysis based 436 

on back trajectory classification of atmospheric transport to Eastern Spain 437 

showed the relevant contribution of pollutants carried from Italy and further 438 

Eastern Europe to the NE Iberian Peninsula (Izquierdo et al., 2012; 2014). This 439 

transport was described by a specific meteorological situation defined by the 440 

Western Mediterranean Oscillation (WeMO; Martin-Vide and López-Bustins, 441 

2006) whereby the negative phase of WeMO was associated with the entry of 442 

polluted air masses from Italy, south-eastern Europe and the Mediterranean 443 

into the north-eastern Iberian Peninsula and contributed to S and N deposition 444 

(Izquierdo et al., 2014). 445 

Pollution abatement measures also produced substantial reductions of N 446 

emissions in Europe (EEA, 2016), but in Spain NO2 emissions increased until 447 

the mid-2000s and then started to decrease, this resulting in a lack of trend 448 
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when the last 3 decades were considered (Table 2). On the other hand, NH3 449 

emissions from Spain increased regularly, while those of Italy, France and the 450 

EU-28 showed  significant declines (Table 2).  451 

VWM concentrations of NO3
- and NH4

+ in precipitation at the MSY-TM0 and 452 

PYR sites varied similarly during the study period (Figs. 4 and 5), and they were 453 

significantly correlated in the two Pyrenean sites (Table 1 suppl. material). 454 

When comparing the Pyrenean and Montseny values, significant correlations 455 

were found only between MSY-TM0 and PYR-AT for NO3
-, and between MSY-456 

TM0 and PYR-C for NH4
+. The non-significance of some correlation pairs was 457 

probably due to the quite short period of common data of the three sites (n=8 458 

years; Table 1 suppl. material). VWM NO3
- in BD did not show significant 459 

trends, except for a decreasing trend in PYR-AT (Table 2) which captured the 460 

decrease from 2005 on. When trends were examined for this shorter period 461 

(2005-2017) at MSY-TM0 and PYR-C, significant declines were observed 462 

(p<0.05; Sen slope of -1.45 and -1.14 eq L-1 yr-1 respectively). 463 

Ammonium concentrations in precipitation did not show a clear trend (Table 464 

2) nor did they show significant correlations with NH3 emissions in Spain and 465 

neighboring countries (Table 2 suppl. material). This lack of correlation 466 

between NH4
+ concentrations and NH3 emissions may result from the fact that 467 

formation of NH4
+ aerosols in the atmosphere depend on the availability of 468 

gaseous precursors that show contrasting trends: e.g. increasing emissions for 469 

NH3 and decreasing emissions for NOx and SO2. In fact, several studies have 470 

found a lack of correlation or a time-lag between emissions and deposition 471 

of reduced N as a result of differences in chemical processing and interaction 472 

during transport of atmospheric NH3, NOx and SO2  (Fowler et al., 2007; 473 

Fagerly and Aas 2008). Besides, NH3 deposition depends strongly on local 474 

emission sources, such as agriculture and livestock raising (Asman et al., 475 

1998;  Waldner et al., 2014) and is more affected by local sources. 476 

Segment analysis of the BD series indicates an increase of VWM NO3
- 477 

concentrations until a tipping point was reached around 2005 at MSY-TM0 478 
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and PYR-C, while PYR-AT concentrations, just starting to be measured in 2004, 479 

decreased from the start. For NH4
+, a similar behaviour was found. The 480 

consistency of these patterns between sites suggests that national and 481 

regional regulations affecting NE Spain emissions might have been 482 

implemented since the mid-2000 decade, producing the reversal of the trends 483 

in BD. Previous air quality studies in various Spanish cities including Barcelona 484 

identified 2005 as the year of reversal of an increasing trend for urban and 485 

regional NO2 emissions (Cuevas et al., 2014), a pattern that NO3
- 486 

concentrations in precipitation at our study sites is also reflecting. A study of 487 

long-term budgets in 11 catchments in Canada found a similar reversal of the 488 

trend in NO3
- concentrations and deposition, though the change in the trend 489 

was slightly advanced (2002-2003, Kothawala et al., 2011). 490 

On the other hand, the pattern of decrease in NH4
+ concentrations in BD 491 

from the mid-2000s may result from declines in ammonium sulphate and 492 

ammonium nitrate aerosols reported for NE Spain in recent years. 493 

Decreasing secondary sulphate and nitrate aerosols in Spain are attributed 494 

to the implementation in 2008 of the EC Directive on Large Combustion 495 

Plants (Pandolfi et al., 2016).  Moreover, secondary nitrate aerosols have 496 

declined in the NE Iberian Peninsula due to:  1) lower energy consumption 497 

starting in 2008 owing to the economic recession, 2) the increase of the use 498 

of renewable energy sources, and 3) actions to decrease road traffic 499 

pollution, such as the use of catalytic converters for NO2 and a shift to 500 

electric and gas engines in vehicles in the area of Barcelona (Pandolfi et al., 501 

2016). 502 

3.2 Temporal trends of precipitation amount and S and N deposition  503 

Precipitation did not show a significant temporal trend in the study period (Fig. 504 

2; Table 3). Precipitation was not significantly correlated between the two 505 

Pyrenean stations, but this may arise from the short period of comparison.  506 

The extension of measurements for longer periods provides a more robust 507 

description of the relationships: the non-significant correlation of SO4–S flux in 508 



19 
 

BD between MSY-TM0 and PYR-C in the shorter data series turned to 509 

significant when 13 years were considered (Table 1 suppl. material).  510 

Flux averaged S and N deposition values over the common period were 511 

highest at PYR-C. PYR-AT and MSY-TM0 showed similar deposition for SO4–S 512 

and NO3–N, while MSY-TM0 presented the lowest NH4–N deposition (Table 513 

3). At the PYR-AT site, N deposition was 40% higher in the reduced than in 514 

the oxidized form, probably resulting from enhanced NH3 emissions from 515 

surrounding cattle grazing in neighbor pastures.  516 

For the sum of the two N forms either considered for the common period or 517 

the longer record, bulk deposition was lower in Montseny (5 kg N ha-1 yr-1) 518 

than in the Pyrenean sites (6-10 kg N ha-1 yr-1, Tables 3 and 4), a non-519 

expected result given the more remote position of the Pyrenees regarding 520 

industrial, traffic and urban sources of NOx pollution. The Pyrenees may 521 

receive a higher influence of reduced N emissions from farming and cattle-522 

rising activities in the surroundings, as seen by the high ammonium 523 

deposition in PYR-AT, but also elevated sites receive enhanced deposition 524 

due to increased orographic precipitation (Lovett and Kinsman, 1990) and 525 

have higher rain/fog concentrations due to enhanced scavenging related to 526 

the seeder-feeder effect (Dore et al., 2001).  527 

When considering TD, differences between sites were reduced, TD averaging 528 

14.3, 13.8 and 9.2 kg N ha-1 yr-1  for MSY-TM0, PYR-C and PYR-AT respectively 529 

(Table 4).  530 

Thus, both for S and N deposition, the PYR-C site resembled more to MSY-531 

TM0 than to the other Pyrenean site, its deposition being higher than that of 532 

PYR-AT by 60% for S and 50% for N, while it was quite close to MSY-TM0 533 

values. This indicates a high spatial variability in deposition the Pyrenees. 534 

This heterogeneous pattern may be accounted by orographic precipitation 535 

differences and different transport routing in a complex topography. A dense 536 

network of stations for monitoring deposition in the Pyrenees should be 537 

used to elucidate the spatial patterns of deposition in the Pyrenees, patterns 538 
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that up to now have only been preliminarily described and modeled 539 

(Camarero et al., 2009; García-Gómez et al., 2017). 540 

The lack of trend for precipitation is relevant when considering annual 541 

deposition fluxes, since fluxes result from the product of annual precipitation 542 

and VWM concentrations. Only when important declines in concentrations 543 

occurred, such as the case of SO4
2-, did bulk deposition fluxes show significant 544 

decreasing trends. However, it should be noted that  for the shorter and more 545 

recent series common to PYR-AT, the SO4–S trends were not significant at any 546 

site (Table 3), suggesting a slowing down of the rate of decrease of S in bulk 547 

deposition in recent years. For N compounds, no significant trends in 548 

deposition fluxes were found, except for an increasing trend at the PYR-C site, 549 

which however disappeared when considering the recent period (2005-2014) 550 

when NOx emissions changed to a declining trend (Table 2).  551 

Despite the mentioned differences, all sites received a chronic addition of 552 

inorganic N  of ~ 9-14 kg N ha-1 yr-1 . Critical loads (CL) of pollutant deposition 553 

have been established under the CLRTAP to support effect-based strategies to 554 

reduce harmful effects of excess N deposition. Bobbink and Hetteling (2011) in 555 

an extensive compilation of evidences of effects on ecosystems proposed 556 

empirical CL values for different ecosystems. For Mediterranean 557 

sclerophyllous forests, the threshold was set at 15-17 kg N ha-1 yr-1 (Bobbink et 558 

al. 2010), while for alpine grasslands there was an spectrum of proposed 559 

empirical CL values (ranging from 1.5 to 30 kg N ha-1 yr-1) depending on a wide 560 

range of the ecosystems elements to be protected. On the other hand, a 561 

previous study in PYR proposed a CL of 3.3 kg N ha-1 yr-1 based on the Simple 562 

Mass Balance (SMB) method (Curtis et al., 2002). Nitrogen deposition at 563 

Montseny is close to the range of proposed empirical values for holm oak 564 

forests. However, dissolved organic nitrogen (DON) should also be 565 

considered in N deposition assessments. When including DON in the budget 566 

input, N deposition would be: 14.3 (DIN) + 5 (DON) = 19.3 kg Total N ha-1 yr-1  567 

, a value well in excess the proposed empirical CLs for holm oak forests.  568 
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The Pyrenees catchments also receive N deposition in excess of the SMB CL. 569 

Although SMB CLs are reported to be lower than empirical CLs in some cases 570 

(Fenn et al., 2014), a chronic deposition of 10-15 kg N ha-1 yr-1 will most 571 

probably exceed the CL for some critical elements in these ecosystems.  572 

To ascertain the ecosystem response at the catchment level to these inputs, 573 

we analyze below the patterns of change in annual stream VWM 574 

concentrations and export fluxes from streams draining Montseny and 575 

Pyrenean catchments. 576 

3.3 Temporal trends in stream water exports and catchment budgets 577 

3.3.1 Water 578 

Average (± s.d) annual runoff at MSY-TM0 was 328 (±180) mm (Table 5) and 579 

the Mann-Kendall test indicated no significant trends in runoff variation 580 

since the beginning of measurements in August 1983 (Fig. 2).  581 

For the Pyrenees, evapotranspiration was very low and runoff accounted for 582 

95% precipitation. For the PYR-AT site, average (± s.d) annual runoff was 583 

1072 (± 198) mm, and for PYR-C (only years 2000 to 2009) runoff was 1329 (± 584 

224) mm (Table 5), thus about three times higher than the Montseny streams.  585 

Climate and forest cover differences between the Montseny and Pyrenean 586 

study sites may account for their different hydrological and stream chemistry 587 

behaviour. Considering these small catchments as impervious systems, the 588 

water budget indicates that the Montseny catchments lose to the atmosphere 589 

by evapotranspiration 63% of the received precipitation while the Pyrenean 590 

sites only evapotranspire 5.5% of precipitation.  591 

3.3.2 Sulfur stream concentrations and fluxes 592 

At the Montseny site, average annual VWM SO4
2- stream concentration was 593 

150 (±20.3) eq L-1 for the studied 18 year period, but there was a significant 594 

declining trend so that recent concentrations were ~30% lower than the initial 595 

ones. The Pyrenean streams presented much lower sulfate concentrations  596 

than MSY-TM0 (23.3 (±6.3) and 19.6 (±7.2) eq L-1), which also showed 597 
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significant decreasing trends (Table 5, Fig. 6). The difference in 598 

evapotranspiration between sites explains a more concentrated SO4
2- solute 599 

content in MSY-TM0 compared to  PYR. 600 

The average sulfur annual export flux was 8.2 (±4.7) kg S ha-1 yr-1 at TM0 and 601 

decreased in time (Table 5). At the Pyrenean sites, export fluxes were lower 602 

(6.1 (±1.3) and 5.5 (±0.7) kg S ha-1 yr-1) and did not show a distinct trend, 603 

probably due to small (declining) concentration variations compared to large 604 

(unchanging) runoff values. Sulfate net exports did not show significant trends 605 

at any site. For the Montseny catchment, this was consequence of similar 606 

declining rates in stream exports (-0.18 kg ha-1 yr-1 per year; linear regression) 607 

compared to total deposition (-0.17 kg ha-1 yr-1 per year, Fig. 7). The SO4–S 608 

mass budget was slightly positive (1.4 kg ha-1 yr-1), which indicates a moderate 609 

loss of S (20% of TD) from the MSY-TM0 catchment.  610 

The excess S export found in MSY-TM0 may be due to error in the proposed 611 

TD value (mostly due to uncertainty in DD estimation). Also, desorption of 612 

previously soil-adsorbed SO4
2- during periods of high emissions may explain 613 

this net loss, as reported in other temperate forest catchments (Alewell et al., 614 

1999; Likens et al., 2002; Jeffries et al., 2003; Mitchell et al., 2011). However, if 615 

this was the case, one might expect a slowing down of the net release of S 616 

from the catchment as time goes on and receives less S deposition, which is 617 

not observed (non-significant Sen slope).  618 

It is worth to note that, even though the S export values in MSY-TM0 619 

significantly declined in parallel to inputs, exports showed a greater variability 620 

between years (Fig. 7), with a coefficient of variation of 317%. In fact, S net 621 

exports were strongly related to streamflow (r2= 0.79), with years of low 622 

runoff showing negative values (retention) while years with high runoff 623 

presenting higher S loses in stream water. This strong relationship of S net 624 

exports with runoff also points to the importance of hydrology in controlling S 625 

leaching from the catchment.  Flushing of sulfate in wet years that had 626 

accumulated in non-contributing areas during dry periods may play a role in 627 

the observed variation (Piñol et al., 1992), similarly as reported in studies in 628 
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more temperate climates (Eimers et al., 2004). The great variability of 629 

precipitation in the Mediterranean climate attests for the importance of 630 

obtaining long data series to discern these underlying trends. 631 

At the Pyrenean sites the S budget was close to zero at PYR-AT  while at PYR-C 632 

it was negative (-2.2 kg ha-1 yr-1, Table 4), suggesting S retention in the 633 

Conangles catchment. This difference among the Pyrenean sites, however, 634 

was due to high deposition rates measured at PYR-C in late 90s, a period when 635 

PYR-AT was not yet operative. When considering the simultaneous recording 636 

period of both catchments (2005-2014), the PYR-C net retention was reduced 637 

to -1.5 kg S ha-1 yr-1, indicating that Pyrenean catchments tended to less 638 

retention (and even zero retention such as in PYR-AT) as less S was deposited 639 

in the recent years.  640 

Though similar considerations in budget estimations as in MSY-TM0 may 641 

apply in the Pyrenean sites regarding DD uncertainty and the hydrological 642 

influence on export fluxes, the longer PYR-C record showed a clear different 643 

behavior than the MSY-TM0 catchment, with a clear net S retention while 644 

MSY-TM0 showed release. However, net retention diminished in recent 645 

years in the Pyrenees (Fig. 7b) which suggests that the Pyrenean soils are 646 

tending towards a limitation of their capacity of S adsorption, an aspect that 647 

warrants further attention.  648 

3.3.3 Sulfur trends: from the atmosphere to the catchment 649 

Sulfur dioxide emissions in Spain and neighboring EU countries declined by 90-650 

95% between the early 1980s and 2015. In the same period, BD 651 

concentrations at Montseny declined by ~ 50% (comparison of arithmetic 652 

mean of the 5 initial and final years of the series). This non-parallel variation 653 

may respond to the contribution of other sulfate sources to Montseny 654 

precipitation, such as African dust (Díaz-Hernández et al., 2011) and emission 655 

from a developing industry and oil refinery in North Africa (Rodríguez et al., 656 

2011). When it comes to trends in terrestrial ecosystems, a survey study in 657 

Montseny headwater unperturbed streams sampled in 1981 and again in 2007 658 
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reported a 30% decrease in sulfate stream concentrations (Avila and Rodà, 659 

2012). Consistently, sulfate concentrations in TM0 declined by 31% between 660 

1983 and 2017 (comparison of arithmetic mean of the 5 initial and final years 661 

of the series in this study). When analyzed in terms of fluxes, S in bulk 662 

deposition in this period and with the same comparing methodology 663 

(arithmetic mean of the 5 initial vs. 5 final years of the series) decreased by 664 

60% and stream exports were reduced by 44%, the difference probably 665 

corresponding to hydrological effects. For the PYR-C site, the series is shorter 666 

(1997-2013), but this same exercise shows declines in SO4
2- concentrations and 667 

fluxes of ~ 40% in BD and 25% in stream waters. 668 

Thus, an important effect of emission S reductions is demonstrated in stream 669 

water sulfate concentrations and export fluxes in the mountain areas 670 

considered in this study. European emission reductions may have brought SO2 671 

atmospheric concentrations in the region towards pre-industrial levels and the 672 

terrestrial ecosystems are quickly responding by moving to a new state in 673 

equilibrium with these changes in inputs while the changes are slowing in pace 674 

in the last 10 years. In Montseny, sulfate reduction in stream waters may 675 

account for an observed increase in stream alkalinity (Avila and Rodà, 2012). 676 

The decrease in SO4
2- concentrations in stream waters and the parallel decline 677 

of stream export compared to deposition indicates a quick catchment 678 

response to changing atmospheric deposition. This behavior can be explained 679 

in relation to the steep topography of the catchment, the presence of rock 680 

outcrops, thin soils, and quick water infiltration and circulation through soil 681 

preferential routes during wet periods (Bernal et al., 2013). 682 

3.3.4 Nitrate stream concentrations and fluxes 683 

Nitrate VWM concentration in MSY-TM0 stream was 6.5 (± 7.0) eq L-1 while 684 

Pyrenean streams had about double concentrations (15.8 (±4.1) and 12.9 685 

(±1.2) eq L-1 at PYR-C and PYR-AT, respectively Table 5). Opposite significant 686 

trends in stream nitrate concentrations were found for MSY-TM0 (increasing) 687 

and PYR-AT (decreasing). 688 
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DIN export fluxes were very low at Montseny (0.3 kg ha-1 yr-1, Table 4) and 689 

only represented 2% of TD, meaning that most of deposited N is retained in 690 

the catchment (net export = -14 kg ha-1 yr-1). When also considering DON 691 

exports (0.18 kg N ha-1 yr-1), N export was incremented by ~40%, a 692 

considerable increase to give total N export of 0.5 kg ha-1 yr-1). However, 693 

when considering the N budget including DON (net export = stream exports 694 

(0.5 kg N ha-1 yr-1 ) - inputs (19 kg N ha-1 yr-1) a retention of 18.5 kg total N ha-
695 

1 yr-1 was obtained.  Therefore, inclusion of DON in the N budget calculations 696 

even incremented the retention capacity for N of this holm oak forest. 697 

High retention in this catchment may be accounted by forest growth: 698 

expansion of the oak on the open areas in the Montseny summits has been 699 

reported (Peñuelas and Boada, 2003) and also, the holm-oak forest that 700 

covers the catchment slopes may be still recovering from intense 701 

exploitation in the early XX century. Studies in temperate forests in the 702 

Hubbard Brook catchments (New Hampshire, USA) have shown that forest 703 

management during early XX century had a long-lasting effect that explained 704 

50-60% of diminished N export (Bernal et al. 2012).  705 

Nevertheless and spite the high retention of deposited N in MSY-TM0, stream 706 

NO3
- VWM concentrations significantly increased and the N net export was 707 

less negative in recent years (Fig. 8)  This increase may be related to the fact 708 

that the wettest months (November and March, respectively contributing 15 709 

and 16% annual runoff and 28 and 34% annual DIN exports) have experienced 710 

important increases of NO3
-  concentrations and NO3–N exports in the recent 711 

period, respectively a 7 and 2.5 fold increase when comparing data from an 712 

initial period (1991-1996) to the recent record (2011-2016). Climate effects 713 

(ambient temperatures have increased by 0.25ºC per decade in the region; 714 

Servei Meteorològic de Catalunya (2019)) also need to be considered, as 715 

warming has profound consequences for soil processes leading to enhanced 716 

N mineralization and nitrification (Baron et al., 2009). The role of these 717 

drivers in N retention in Montseny catchments needs to be further 718 

addressed. Forest maturation and increased warming will tend to produce 719 
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higher NO3
- availability in soils to be leached, as found in other temperate sites 720 

(Bernal et al., 2012).  The Montseny catchments becoming leakier for 721 

inorganic N during the wet months complies with stage 1 N-saturation 722 

condition in the Stoddard (1994) classification and suggests that this system 723 

is moving towards first stages of N saturation. 724 

In the Pyrenees, previous studies in PYR-C found increasing stream NO3
- 725 

concentrations from 1997 to 2007 which were attributed to increasing 726 

deposition (Camarero and Aniz 2010). Here, by analyzing an expanded series 727 

of data until 2013, a change in the tendency appeared from mid-2000 728 

onwards, both in deposition and the stream the water concentration series 729 

(correlation between them=0.69, p<0.05). This similarity in the trends suggests 730 

a strong association of the river concentrations to deposition and demonstrate 731 

a quick response of the catchment to changes in deposition, in the Pyrenean 732 

catchments.  733 

The Pyrenean sites retained less than Montseny catchments (net export = -10 734 

and -7 kg ha-1 yr-1, for PYR-C and PYR-AT respectively, Table 4) which 735 

represented 72 and 79% of total deposition, and no trend of change was 736 

present.  737 

Concluding remarks 738 

This study provides information of catchment responses for a region of 739 

Europe (the Northeastern Iberian Peninsula) where few studies have 740 

investigated the relationship between SO2 and NOx emissions and SO4
-2 and 741 

NO3
-  concentrations in bulk deposition and stream waters.  742 

In two mountain areas in the NE Iberian Peninsula (Montseny and central 743 

Pyrenees), declining SO4–S deposition and export fluxes reflected declining 744 

SO2 emissions from Spain and neighbor countries. But the pace of decline 745 

slowed down in recent years which suggests a new equilibrium at low 746 

emissions. Other studies in Europe have similarly found strong changes in 747 

stream waters linked to SO2 abatement measures. Different S behavior 748 

between mountain sites (net S release in Montseny and S retention in the 749 
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Pyrenean catchment with the longer record) are probably due to differences 750 

between sites in soil adsorption characteristics, an issue that needs further 751 

attention, more so in view of a decreasing adsorption rate in PYR-C in recent 752 

years. 753 

Nitrate concentrations in bulk deposition also reflected changes in NOx 754 

emissions, with a clear decreasing trend starting in the mid-2000s which can 755 

be attributed to changes in emissions of ammonium nitrate and sulfate 756 

aerosols in NE Spain in this period, following socio-economical changes and 757 

due to the implementation of control measures on air pollution. 758 

There was inter-site high variability of bulk deposition, with more 759 

resemblance between the two different mountain zones (MSY-TM0 and one 760 

PYR site) than between the two PYR sites. This deserves more research 761 

based on a denser monitoring network in the Pyrenees that would help 762 

elucidating spatial patterns of deposition. This particularly deserves 763 

attention since these high mountain environments are especially sensible to 764 

deposition. 765 

For N, the streams did not mimic the atmospheric pattern but N retention in 766 

the catchment was the rule, with 70-98% of total inorganic N inputs 767 

retained. However, in MSY-TM0 retention tended to decrease in recent 768 

years. Moreover, a trend towards the first stage of N saturation was found 769 

for this site. Forest maturation and climate warming may have a role in 770 

pushing this catchment towards N saturation.    771 

In the PYR-C catchment, NO3
- stream concentrations were highly correlated 772 

to NO3
- BD concentrations with both variables presenting a change of trend  773 

starting in the mid-2000s.     774 

This study demonstrates that mountain catchments can serve as indicators 775 

to assess the effectiveness of policies of pollution control. Long data series 776 

are needed, as trend analysis is very sensitive to the length of the time 777 

series, and furthermore, the driving variables (pollution, climate) present 778 

variable patterns that need to be tracked. Encouraging results have been 779 
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found related to the quick response of catchments in NE Iberian Peninsula to 780 

S emission reductions that bring hope to the effectiveness of global actions 781 

to preserve nature.   782 
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 1081 

 1082 

Table 1. Study site characteristics. Climate variables: Mean Average Temperature (MAT) and 1083 

Mean Average Precipitation (MAP); average plus standard deviation in brackets. 1084 

    MSY-TM0 PYR-C PYR-AT 

Location 

Coordinates 41
 o 

46’N, 2
 o 

 21’E 42
o  

37’N, 0
 o 

 45’E 42
 o 

33’N, 0
 o 

 55’E 

Distance to the sea (km) 27 195 172 

Aspect N SE SE 

Physiographic 
characteristics 

        

Area (ha) 200 760 3110 

Altitude at catchment outlet (m) 675 1571 1821 

Mean slope (
o
) 25.8 31 29 

    
Vegetation 

cover 

Open (%) ~ 33 ~ 33 

Forested (%) ~ 67 ~ 67 

Climatic 
parameters 

        

Climate Montane Med Alpine Alpine 

MAT (
o 

 C) 12.9 (3.6) 2.9 (0.6) 7.8 (0.7) 

MAP (L m
-2 

yr
-1

) 857 (250) 1456 (288) 1134 (274) 

  1085 
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Table 2.  Results of the Mann-Kendall test applied to annual pollutant emissions (NH3, 1086 

NO2 and SO2) and annual VWM (volume weighted mean) ion concentrations in bulk 1087 

deposition. Trends expressed with the Sen-slope estimator (slope for emissions in Gg 1088 

yr-1; for concentrations in eq L-1 yr-1). Significance of trends: *** p<0.001; **p<0.01; 1089 

*p<0.05; + p<0.1. N, number of years analyzed within the period. 1090 

 1091 

Variable Period N 
Sen 
slope 

 

      SO2 emissions 
     EU28 1980 2015 26 -791 *** 

Spain  1980 2015 36 -76.6 *** 

France 1980 2015 36 -52.5 *** 

Italy 1980 2015 36 -85.7 *** 
 
SO4 conc in BD 

     MSY-TM0 1984 2017 32 -0.87 *** 

PYR-C 1998 2013 16 -0.75 * 

PYR-AT 2005 2014 10 -2.15 * 
 
NO2  emissions 

     EU28 1980 2015 29 -360 *** 

Spain 1980 2015 36 
 

ns 

France 1980 2015 36 -31.2 *** 

Italy 1980 2015 36 -43.0 *** 
 
NO3 conc in BD 

     MSY-TM0 1984 2017 32 
 

ns 

PYR-C 1998 2013 16 
 

ns 

PYR-AT 2005 2014 10 -1.2 ** 
 
NH3  emissions 

     EU28 1980 2015 26 -34.9 *** 

Spain 1980 2015 36    4.0 *** 

France 1980 2015 36 -0.95 ** 

Italy 1980 2015 36 -3.21 *** 
 
NH4 conc in BD 

     MSY-TM0 1984 2017 31  ns 

PYR-C 1998 2013 16  ns 

PYR-AT 2005 2014 10 
 

ns 

 1092 

 1093 

 1094 

 1095 
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Table 3. Arithmetic mean (±sd) and results of the Mann-Kendall test applied to annual 1096 

precipitation  (in L m-2 yr-1), SO4–S, NO3–N and NH4–N bulk deposition fluxes (dep, in 1097 

kg ha-1 yr-1) at the Montseny (MSY-TM0) and Pyreneans catchments of Conangles 1098 

(PYR-C) and Aigüestortes (PYR-AT) for the whole record and for the shorter period 1099 

common to PYR-AT. Significance of trends: *** p<0.001; **p<0.01; *p<0.05. N, 1100 

number of years analyzed. 1101 

 1102 

Variable Period N 
Arit. Mean 

(±sd) 
Sen 

slope 
 

       Prec. whole record 
     MSY-TM0 1984 2017 32 857 (±214) ns 

 PYR-C 1998 2013 16 1476 (±283) ns 
 Prec. common period       

PYR-AT 2005 2014 10 1134 (±274) ns 
 MSY-TM0 2005 2014 10 784 (±240) ns 
 PYR-C 2005 2013 9 1372 (±322) ns 
 

       SO4–S dep whole record 
     MSY-TM0 1984 2017 32 4.8 (±1.8) -0.15 *** 

PYR-C 1998 2013 16 5.6 (±2.0) -0.19 * 

SO4–S dep common period       

PYR-AT 2005 2014 10 3.4 (±0.9) ns 
 MSY-TM0 2005 2014 10 3.3 (±0.6) ns 

 PYR-C 2005 2013 9 4.9 (±2.4) ns 
 

       NO3–N dep whole record 
     MSY-TM0 1984 2017 32 2.7 (±0.6) ns 

 PYR-C 1998 2013 16 4.6 (±2.6) 0.10 * 

NO3–N dep common period       

PYR-AT 2005 2014 10 2.5 (±0.5) ns 
 MSY-TM0 2005 2014 10 2.7 (±0.5) ns 

 PYR-C 2005 2013 9 5.4 (±3.2) ns 
 

       NH4–N dep whole record 
     MSY 1984 2017 32 2.7 (±0.8) ns 

 PYR-C 1998 2013 16 4.4 (±0.9) ns 
 NH4–N dep common period       

PYR-AT 2005 2014 10 3.5 (±0.8) ns 
 MSY-TM0 2005 2014 10 2.4 (±0.6) ns 
 PYR-C 2005 2013 9 4.3 (±0.9) ns 
  1103 

 1104 

  1105 
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Table 4. Catchment budgets (in kg ha-1 yr-1) for S and N species and DIN 1106 

(Dissolved Inorganic Nitrogen = NO3–N + NH4–N) at MSY-TM0 and the Pyrenean 1107 

(PYR-C and PYR-AT) sites. Average (± sd) of annual bulk deposition (BD), dry 1108 

deposition (DD, see text for estimation procedure), total deposition (TD), 1109 

export in stream water (SExp) and budget calculated as SExp - TD. 1110 

Measurement periods= 1984-2017 at MSY, 1998-2013 at PYR-C, and 2005-2014 at 1111 

PYR-AT. Budgets at MSY are only for 18 years due to an interrupted stream chemistry 1112 

record. 1113 

 1114 

  

N  SO4–S NO3–N NH4–N DIN 

 

BD 

      MSY 

 

32  4.8 (±1.8) 2.7 (±1.0) 2.7 (±0.6) 5.4 (±1.8) 

 PYR-C 

 

16  5.6 (±2.0) 4.6 (±2.6) 4.4 (±0.9) 9.0 (±3.2) 

 PYR-AT 
 

 

10  
 

3.4 (±0.9) 
 

2.5 (±0.5) 
 

3.5 (±0.8) 
 

6.0 (±1.1) 
 

 
DD 

      MSY 

  

2.0 6.2 2.7 8.9 

 PYR-C 

  

3.0 2.4 2.4 4.8 
 PYR-AT 
 

  

1.8 
 

1.3 
 

1.9 
 

3.2 
 

 
TD 

      MSY 

 

32  6.8 8.9 5.4 14.3 

 PYR-C 

 

16  8.3 7.0 6.7 13.8 
 PYR-AT 
 

 

10  
 

5.2 
 

3.8 
 

5.4 
 

9.2 
 

 SExp      

 MSY 
 

18  8.2 (±4.7) -- -- 0.3 (±0.4) 

 PYR-C  16  6.1 (±1.3) -- -- 2.8 (±0.6) 
 PYR-AT 
  

10  
 

5.5 (±0.7) 
 

-- 
 

-- 
 

1.9 (±0.3) 
 

 Budget      

 MSY  18  1.4 (±3.8) -- -- -14.0 (±3.3)1 

 PYR-C  16  -2.2 (±2.4) -- -- -10.0 (±4.5) 
 PYR-AT 
  

10  
 

0.3 (±1.3) 
 

-- 
 

-- 
 

-7.3 (±1.7) 
 

1 DIN corresponds to NO3–N, since NH4–N export has been considered negligible. 1115 

 1116 

 1117 

  1118 
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 1119 

Table 5.  Arithmetic mean (±sd) and results of the Mann-Kendall test applied to 1120 

annual runoff (in L m-2 yr-1) and stream annual VWM (volume weighted mean, in ) ion 1121 

concentrations at two streams in Montseny (MSY-TM0) and Pyreneans Planell 1122 

d’Aiguestortes stream (PYR-AT), and Conangles creek (PYR-C). Trends expressed with 1123 

the Sen-slope estimator (slope for concentrations in eq L-1 yr-1).  Significance of 1124 

trends: *** p<0.001; **p<0.01; *p<0.05.  non volume-weighted mean; it 1125 

overestimates VWM by ~4-5%non  1126 

Variable Period N 

Arit.mean 

(±s.d) 
Sen 
slope 

  
Runoff 

      MSY-TM0 1984 2017 18 328 (±180) ns 
 PYR-C 2000 2009 9 1329 (±224) ns 

 PYR-AT 2004 2014 10 1072 (±198)  ns 
 

       stream SO4 conc  
     MSY-TM0 1983 2017 18 150 (±20.3) -1.98 *** 

PYR-C 1997 2013 16 28.0 (±6.0) -0.15 *** 

PYR-AT 2004 2014 10 32.4 (±3.2) -0.88 ** 

       

stream NO3 conc  
     MSY-TM0 1983 2017 18 6.54 (±6.97) 0.15 * 

PYR-C 1997 2013 16 15.8 (±4.1)  ns  

PYR-AT 2004 2014 10 12.9 (±1.2) -0.34 * 
 
stream SO4 –S export  

     MSY-TM0 1983 2017 18 8.2 (±4.7) -0.19 * 

PYR-C 1997 2013 16 6.1 (±1.3) ns 

 PYR-AT 2004 2014 10 5.5 (±0.7) ns 
        

stream NO3 –N 
export 

     MSY-TM0 1983 2017 18 0.33 (±0.40) ns 
 PYR-C 1997 2013 16 2.87 (±0.6) ns  

PYR-AT 
 

2004 
 

2014 
 

10 
 

1.92 (±1.2) 
 

ns 
 

  1127 

 1128 

  1129 
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Supplementary material 1130 

 1131 

Table 1 suppl. material. Linear correlation coefficients (r) for annual VWM 1132 

concentrations (in eq L-1), bulk deposition (BD) fluxes (in kg ha-1 yr-1) and 1133 

precipitation amount between the study sites. The pair MSY vs. PYR-C was analyzed 1134 

for two common periods (n=13, from 1998 to 2015, and n=8 from 2005 to 2014, to 1135 

compare with the shorter series at PYR-AT). In bold, significant correlations at p<0.05. 1136 

 1137 

Period 

 
MSY vs.PYR-C 
 
1998-2015 

MSY vs.PYR-C 
 
-------------- 

MSY  vs.PYR-AT 
 
2005-2014 

PYR-C vs.PYR-AT 
 
------------- 

     

SO4 vwm conc. 0.83 0.80 0.75 0.96 

NO3 vwm conc. 0.24 0.53 0.79 0.91 

NH4 vwm conc. 0.71 0.87 0.67 0.72 

     SO4 –S  BD flux 0.55 0.22 0.19 0.66 

NO3-N BD flux -0.18 -0.05 -0.09 0.03 

NH4-N BD flux 0.11 0.02 0.13 -0.07 

Prec. amount 0.39 0.31 0.46 0.68 

     N 
 

13 
 

8 
 

8 
 

8 
 

 1138 

 1139 

  1140 
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Table 2 suppl. material. Pairwise correlations between annual bulk deposition ( in kg 1141 

ha-1  yr-1) and annual gaseous emissions (in Gg) for the current year and one-year lag-1142 

time from the EU-28 and selected European countries. All correlations are significant 1143 

at P <0.05. PYR-C was chosen as representative of the Pyrenees because of the longer 1144 

time series (n=15). Data from EMEP were obtained from at the 1145 

http://www.ceip.at/webdab-emission-database site. 1146 

 1147 

 
Period (Nºyrs) EU-28  Spain  France  Italy  

SO2 same year emissions  

SO4–S dep MSY 1984-2015 (30) 0.81 0.81 0.82 0.82 

SO4–S dep PYR-C 1999-2013 (15) 0.61 0.71 0.65 0.57 

      

SO2 1yr lag-time       

SO4–S dep MSY 1984-2015 (29) 0.65 0.74 0.71 0.68 

SO4–S dep PYR-C 1999-2013 (14) 0.63 0.68 0.60 0.57 

      

  1148 

http://www.ceip.at/webdab-emission-database
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Figure captions 1149 

Fig. 1 Maps of study sites. 1150 

Fig. 2 Precipitation at Montseny (MSY) and the Pyrenean sites (PYR-C and PYR-1151 

AT) and runoff (L m-2 yr-1) in the Montseny catchments of MSY-TM0. Discharge 1152 

at the Pyrenean catchments is considered to be 95% precipitation (see text). 1153 

Fig.  3 Temporal evolution of annual VWM bulk deposition concentrations of 1154 

SO4 (in eq L-1) in Montseny (MSY-TM0) and the Pyrenean sites (PYR-C and 1155 

PYR-AT). Sen Slope is shown when significant. 1156 

Fig. 4 Temporal evolution of annual VWM bulk deposition concentrations of 1157 

NO3 (in eq L-1) in Montseny (MSY-TM0) and the Pyrenean sites (PYR-C and 1158 

PYR-AT). Segmented lines are shown. 1159 

Fig. 5 Temporal evolution of annual VWM bulk deposition concentrations of 1160 

NH4 (in eq L-1) in Montseny (MSY-TM0) and the Pyrenean sites (PYR-C and 1161 

PYR-AT). Segmented lines are shown. 1162 

Fig. 6 Temporal evolution of annual VWM  stream water concentration of SO4 1163 

(in eq L-1) in MSY-TM0 and the Pyrenean (PYR-C and PYR-AT) catchments. Sen 1164 

Slope is shown when significant. 1165 

Fig. 7a Temporal evolution of total deposition and stream exports of SO4 –S  1166 

(in kg ha-1 yr-1 ) in MSY-TM0 catchment.  Fig. 7b Temporal evolution of total 1167 

deposition and stream exports of SO4 –S  (in kg ha-1 yr-1 ) in the PYR-C 1168 

catchment.  Significant linear regression lines are shown.  1169 

Fig. 8 Temporal evolution of catchment DIN net exports (in kg ha-1 yr-1) at 1170 

Montseny (MSY-TM0) and Pyrenean (PYR-C and PYR-AT).  Sen Slope is shown 1171 

when significant. 1172 

 1173 

 1174 

 1175 

 1176 

 1177 

 1178 

 1179 

 1180 

 1181 

 1182 
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Fig. 1. Study sites in Montseny (MSY-TM0) and the Pyrenees (PYR-C and PYR-AT) 1183 

in Catalonia, northeastern Spain. Bulk deposition was sampled in LC1 from  1 1184 

August 1983 to 1 May 1993 and in LC2 from 1 May 1993 to 31 August 2917. 1185 

Stream gauging stations indicated by a diamond and deposition and 1186 

meteorological stations indicated by a star. Notice the different scale of the 1187 

maps. 1188 

 1189 

 1190 

 1191 

  1192 
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 1193 

 1194 

Fig. 2. Precipitation at MSY and PYR and discharge at the Montseny 1195 

catchments (PYR discharge is 90% precipitation)  1196 

 1197 

 1198 

Fig. 3  Annual VWM sulfate concentrations in bulk deposition 1199 
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          1200 

 1201 

Fig. 4 Annual VWM nitrate concentrations in bulk deposition 1202 

 1203 

Fig. 5 Annual VWM ammonium concentrations in bulk deposition 1204 
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Fig. 6. Trends in vwm sulfate concentrations in Pyrenean and Montseny 1206 

streams 1207 
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 1215 

Fig. 7a Temporal evolution of TD and stream export in MSY 1216 
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 1218 

Fig. 7b Temporal evolution of TD and stream export in PYR-C 1219 
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Fig 8. Temporal evolution of net N export in MSY and PYR catchments 1225 
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