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In Mediterranean areas, dry deposition is a major component of the total atmospheric N input to natural
habitats, particularly to forest ecosystems. An innovative approach, combining the empirical inferential
method (EIM) for surface deposition of NO3 and NH4 with stomatal uptake of NH3, HNO3 and NO;
derived from the DOsSE (Deposition of Ozone and Stomatal Exchange) model, was used to estimate total
dry deposition of inorganic N air pollutants in four holm oak forests under Mediterranean conditions in
Spain. The estimated total deposition varied among the sites and matched the geographical patterns
previously found in model estimates: higher deposition was determined at the northern site (28.9 kg N
ha~! year~!) and at the northeastern sites (17.8 and 12.5kg N ha~! year™!) than at the central-Spain site
(9.4kg N ha~! year—!). On average, the estimated dry deposition of atmospheric N represented 77% + 2%
of the total deposition of N, of which surface deposition of gaseous and particulate atmospheric N
averaged 10.0+2.9kgN ha~! year~! for the four sites (58% of the total deposition), and stomatal
deposition of N gases averaged 3.3 +0.8kgN ha~! year~! (19% of the total deposition). Deposition of
atmospheric inorganic N was dominated by the surface deposition of oxidized N in all the forests (means
of 54% and 42% of the dry and total deposition, respectively). The relative contribution of NO; to dry
deposition averaged from 19% in the peri-urban forests to 11% in the most natural site. During the
monitoring period, the empirical critical loads provisionally proposed for ecosystem protection (10
—20kg N ha~! year~!) was exceeded in three of the four studied forests.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Spain (Garcia-Gomez et al., 2014, 2017). In Mediterranean areas, dry
deposition of atmospheric N compounds may play a major role in

Atmospheric deposition of nitrogen (N) in the European Medi-
terranean region, and particularly in Spain, is lower than in central
Europe (Lorenz and Becher, 2012; Nyiri and Gauss, 2010). However,
N deposition has been identified as a potential threat for some
valuable Spanish ecosystems, such as alpine grasslands and
heathlands or mountainous forest of holm oak (Quercus ilex) in NE
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the total N deposition to natural vegetation, particularly to forest
ecosystems (Fenn et al., 2009).

Dry deposition of N on vegetation can occur either via surface or
stomatal deposition. Surface deposition is referred to gaseous and
particulate N species that are adsorbed by the vegetation surfaces,
while stomatal deposition represents the gaseous species absorbed
through stomatal pores followed by their dissolution in the apo-
plast. Many factors can potentially regulate the deposition rates
onto vegetation surfaces (Fowler et al., 2009), with highly reactive
and water soluble species, like HNO3 and NHs, being readily
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deposited to leaf surfaces and plant canopies (Hanson and
Lindberg, 1991). On the other hand, the flux of nitrogen dioxide
(NO>) to vegetation is mainly controlled by stomatal uptake (Saxe,
1986; Raivonen et al., 2009). Stomatal deposition of gaseous N
pollutants is controlled by the degree of stomatal aperture and by
gas concentrations in the sub-stomatal cavity (Massad et al., 2010).
This concentration is particularly important for NH3 flux estima-
tion, since plants can act as either a sink or as a source of NHj3,
depending on the relative concentration gradient between the near
atmosphere and the stomatal cavity, defining a stomatal compen-
sation point (Massad et al., 2010; Raivonen et al., 2009).

Since dry deposition cannot be readily measured, several ap-
proximations exist to estimate this input into the ecosystems. The
inferential methods are often considered the best for assessing long
term dry deposition on wide scales, despite the presence of some
uncertainties (Vet et al., 2014; Wesely and Hicks, 2000). These
methods calculates dry-deposition fluxes to the ecosystems based
on measurements of atmospheric concentrations of the pollutants
of interest and their velocity deposition rates, which are mainly
driven by meteorological conditions and the physical characteris-
tics of surfaces (Fenn et al.,, 2009). These deposition rates are
commonly estimated by using a multiple resistance analogy
approach in which the deposition process is considered as a series
of resistances, by analogy with an electrical circuit (Monteith and
Unsworth, 2008). Deposition rates can be also obtained from
micrometeorological studies (Fowler et al., 2009), which are com-
plex and expensive systems, and, therefore, difficult to replicate in
different sites.

Mixed methodologies using modelled and empirical approxi-
mations might improve the estimation of the dry atmospheric
input, particularly in arid and semi-arid ecosystems (Cook et al.,
2018). The empirical inferential method (EIM), inserting empirical
results from branch-washing experiments into inferential model-
ling methodology, was recently proposed by Bytnerowicz et al.
(2015) for evaluation of N deposition in Mediterranean-type eco-
systems. It involves the use of values of surface deposition rates
experimentally estimated at branch level (conductance), instead
that at canopy level (deposition velocity). Surface conductance
values can be more easily obtained from branch-washing experi-
ments than from micrometeorological studies, and produce site-
specific values. Branch-washing techniques use deionized water
to rinse the dry-deposited ions from the vegetation surfaces,

although cannot distinguish the sources of the surface-deposited
NO3 (HNOs3 or particulate NO3), nor NHi (NH3 or particulate
NHZ) (Dasch, 1989). Besides, it may underestimate deposition to
foliar surfaces due to the transcuticular uptake, translocation pro-
cesses of the deposited chemical species and volatilization of the
deposited compounds (Garten and Hanson, 1990). However, the
branch-rinsing method may be very useful for the development of
estimation models for forest with different environmental condi-
tions and pollution exposures. Regarding stomatal deposition of
reactive N gases, in the EIM approximation it has been estimated so
far from measurements of stomatal conductance values for H,O
vapour of several species, temporally and spatially extrapolated
regardless the environmental conditions. In this work, we propose
an improvement through estimating stomatal conductance values
depending on the environmental conditions using a stomatal
conductance model (CLRTAP, 2004) parameterized based on mea-
surements performed in the studied species, i.e. holm oak (Alonso
et al., 2008).

The main objectives of the study were: (1) to estimate the dry
deposition of atmospheric N in Spanish holm oak forests by means
of the empirical inferential method, (2) to complement the EIM
methodology with the modelling of stomatal conductance values
using a standard modelling approach, (3) to compare surface flux
and conductance values of pollutants to living and lyophilized
branches of holm oak, and (4) to estimate and describe the total
input of atmospheric inorganic N to these forests.

2. Material and methods
2.1. Study sites

Four monitoring plots were located in four holm oak (Q. ilex)
forests located in three areas of the Iberian Peninsula characterized
by different climatic and soil conditions, as well as canopy structure
and distance to main sources of pollutants (Table 1). Tres Cantos
(TC) site is located in the central region of the Peninsula, near
Madrid city (9 km), with a Mediterranean semi-arid climate. The
historical management of this forest has produced a moderately
open woodland (72% of tree cover). Can Balasc (CB) and La Castanya
(LC) sites are located in the North-eastern Spain, with a sub-humid
Mediterranean climate. Whereas CB is close to Barcelona city
(4 km), LC is far from this city (40 km) and relatively sheltered from

Table 1

Characterization of the study sites.
Site code CB TC CA LC
Type of location Peri-urban Peri-urban Peri-urban Rural
Longitude 2°04' 54" E 3°43' 59" 0 1° 38 40" O 2°21' 29" E
Latitude 41° 25' 47" N 40° 35’ 17" N 42° 39" 13" N 41° 46’ 47" N
Altitude (m) 255 705 592 696
Leaf area index (m? m~2) 33 3.1 5.3 6.1
Tree density (number of trees ha~!) 1429 491 1760 2571
Mean diameter at breast height (cm) 13 414 16 13
Mean annual temperature (°C) ¢ 15.2 14.6 123 13.7
Mean annual rainfall (mmy—') ¢ 652 348 681 812
Mean annual relative humidity (%) * 713 54.6 73.7 70.3
Mean annual wind speed (%) * 0.8 1.3 6.2 0.9
Distance to the nearest big city (km) 4 9 15 40
Population of the nearest big city ° 1.6 3.2 0.2 1.6
Agricultural land-use cover © 23% 21% 62% 23%

2 Mean values calculated for the study period February 2011—February 2013;
b Million inhabitants;

¢ From the CORINE Land Cover 2006 (http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster-3) using a buffer of 25 km radius around the sampling

sites;
4 Measured in the dominant cohort.
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the surrounding lowland sources of atmospheric pollutants
(Hereter and Sanchez, 1999). The Carrascal (CA) site is located in the
North, in an agricultural area near Pamplona city (15 km), in a re-
gion with Mediterranean humid climate.

2.2. Field measurements

Duplicated passive samplers were used to measure two-week
averages of atmospheric concentrations of NH3 and NO, (Radi-
ello®) and HNOs (badge-type samplers; Bytnerowicz et al., 2005)
during 2011-2013. Collection and laboratory analyses were per-
formed according to the Radiello's specifications (Fondazione
Salvatore Maugeri, 2006) and Bytnerowicz et al. (2005). For
further details, see Garcia-Gomez et al. (2016).

Bulk deposition (BD) was collected on a weekly basis by 2—4
high-density polyethylene funnels (NILU, Kjeller, Norway) attached
to collection bottles. The sampling procedure, storage, analysis by
ion chromatography (Dionex, Sunnyvale, USA) and ulterior quality
control of the analytical results of these samples were performed
following the recommendations of the ICP Forests Manual (Clarke
et al., 2010), described in detail by Izquieta-Rojano et al. (2016).
Simultaneously, N wet deposition (WD) was measured by wet-only
collectors (TE® 78—100) in LC and TC. The WD samples were
collected on the same temporal basis as BD and applying the same
storage procedure, analysis and quality control. Meteorological
variables were monitored in CB, TC and LC sites, and data from the
closest meteorological station were collected for the CA site.

2.3. Branch-washing experiment
Washing of branches from 10 selected Q. ilex trees for every site
were performed after rainless periods (from 3 to 5 periods,

depending on the site; Table 2) longer than 7 days (mean of 21.5
days). One branch of about 20 cm length was collected from the

Table 2
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upper part of the canopy of each selected tree. All branches in each
site were selected to represent the different geographic orienta-
tions and were protruding enough from the canopy tree to collect
atmospheric compounds dry-deposited onto the canopy. After
cutting, branch edges were sealed with Parafilm® M (Neenah,
Wisconsin, USA) and were transported to the laboratory in sealed
plastic bags, where they were washed for 3 min inside the same
plastic bag filled with 200 ml of distilled water. Care was taken to
keep the branch edge outside the bag while washing. Two empty
plastic bags were washed for blank controls. Afterwards, projected
leaf area (PLA) of the dried branches was measured using either LI-
3100 area-meter (Li-Cor Inc., Lincoln, NE, USA) or image analysis of
digital photography. Stem areas were measured for one period and
the resultant stem-/leaf area ratio was extrapolated to all mea-
surements to come close to the actual exposure area of the
branches. The calculated surfaces areas ranged 175.3—866.3 cm?
(mean of 314.5 cm?) across all sites and periods.

Additionally, in the TC site, an experiment with lyophilized
branches was performed following Alonso et al. (2005). For every
experimental period, branches from the same ten selected trees
were collected and thoroughly washed before lyophilisation. Four
10 cm-length lyophilized branches (LB), with surface areas between
18.1 and 104.2 cm?, were attached to the top of a 5-m pole in three
different locations inside the forest from 7 to 14 days during the
exposure periods of the above-mentioned living branches (here-
inafter, natural branches; NB). Care was taken to place the poles in
open-canopy spots to avoid direct contact of LB with the sur-
rounding trees. After exposure, the LB were transported to the
laboratory in sealed plastic bags, where they were washed for 3 min
inside the same plastic bag with 100 ml of distilled water. Non-
exposed LB were kept in sealed flasks after lyophilisation and
washed at the same time as the collected ones for control purposes.

Washing efficiency was tested performing three sequential
washes in two sets of three NB and three LB from two different

Fluxes of deposited nitrogen into natural vegetation (NB) from the branch-washing experiment and averaged concentration of ammonia and nitric acid vapour for each

exposure period in the three studied regions (sites in brackets).

Region * Start Date End Date Fyp, ,np; (1mol m 2day 1) Fno,no; (nmol m~2>day ) NH3 (umol m~—3) HNO; (pmol m~3)
NP MEAN v N MEAN cv
Central Spain (TC) 07/06/11 28/06/11 10 10.2 47% 10 348 36% 0.07 0.02
16/08/11 18/10/11 10 6.1 40% 10 27.5 42% 0.05 0.03
10/12/11 11/01/12 10 48 55% 10 43 64% 0.01 0.01
20/05/12 05/07/12 10 9.8 60% 10 26.3 60% 0.07 0.05
04/04/13 24/04/13 9 9.1 37% 9 188 29% 0.03 0.01
Northeast (CB, LC) 13/06/11 29/06/11¢ 9-10 4.1 123% 9-10 10.4 49% 0.03 0.03
25/09/11 05/10/11 7 13.1 55% 7 17.1 45% 0.05 0.02
01/02/12 22/02/12° 10-10 14.1 38% 10-10 8.0 34% 0.06 0.01
06/08/12 24/08/12¢ 2-6 23.1 120% 9-5 114 84% 0.07 0.17
Northern Spain (CA) 16/09/11 30/09/11 10 29 94% 10 488 37% 0.13 0.02
15/02/12 28/02/12 10 25.3 29% 10 475 26% 0.13 0.02
20/06/12 28/06/12 10 37.4 30% 10 20.1 28% 0.18 0.06
28/08/12 11/09/12 6 39.5 26% 10 50.4 38% 0.19 0.07
TOTAL N MEAN cvd cve MEAN cvd cve MEAN MEAN
Central Spain (TC) 5 8.0 30% 48% 22.3 52% 46% 0.05 0.02
NE (CB, LC) 4 136 57% 84% 11.7 33% 53% 0.05 0.06
Northern Spain (CA) 4 26.3 64% 45% 41.7 35% 32% 0.16 0.04
N MEAN cv' cve MEAN cv'f cve MEAN MEAN
ALL 3 16.0 59% 59% 25.3 60% 44% 0.09 0.04

a
b
c
d

e

Site/s location;
Number of washed branches used in flux calculation;

CV of the regional mean, representing temporal variability;
Regional mean of the CVs, representing mean intra-site variability;
f CV of the all-sites mean, representing inter-regional variability.

The results shown are the mean of two simultaneous periods and both N are given;
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periods in TC. The third-washing produced concentrations of
inorganic N close to detection limits indicating a total accumulated
removal of surface N. The percentage of the recovered N in the first
washing with relation to N accumulated in three consecutive
washing was used as a correction factor for NHf and NO3 recovery:
for NB those were 73% and 89%, respectively; for LB those were 79%
and 99%. The washing solutions were analysed by ion chromatog-
raphy (Dionex, Sunnyvale, CA, USA).

Nitrogen surface deposition flux (F) to branches was calculated
as follow. For each branch, the concentration of NO3 and NHZ4 was
multiplied by the washing volume and the background loads
measured in the empty bags and unexposed LB were subtracted.
These N load values were divided by the number of days of the
exposure periods (days after the last precipitation event in the case
of NB) and by the projected leaf area of the exposed branches to
obtain F (umol N m~2 day™!). In the present study, the leaching of
inorganic N from the NB was considered negligible, as seen in

previous works with holm oak (Rodrigo and Avila, 2002).

2.4. Estimation of dry deposition of atmospheric N by the empirical
inferential method (EIM)

Dry deposition was estimated as the sum of surface deposition
and stomatal uptake. Following Bytnerowicz et al. (2015), for sur-
face deposition estimates, empirical surface deposition conduc-
tance (K, cm s~ ') for NHZ (resulting from deposition of NH3 and
particulate NHZ) and for NO3 (resulting from deposition of HNO
and particulate NO3) were calculated for every period and site of
the branch-washing experiment, according to the formula:

Kip; = Fnynm; / Cii, (1)
Kno; = Funos+No; / Cino, (2)
where:

FNHi +nh; - mean surface flux of NHz + NHZ to branches (pmol
m 2 day 1)

Cny, : mean atmospheric concentration of NH3 during the
exposure period (pmol m~3)

Fyno,+No; - mean surface flux of HNO3 + NO3 to branches (umol
m~2day )

Chno, : mean atmospheric concentration of HNOs during the
exposure period (pmol m—3)

Surface deposition conductance values for NHf and NO3 were
calculated based only on ambient NH3 and HNOs3 following by
Bytnerowicz et al. (2015). This approach was justified in previous
studies in Mediterranean forests because NH3 and HNOs3 are ex-
pected to dominate the surface deposition of NHi and NO3 over the
particulate forms (Bytnerowicz and Fenn, 1996). To calculate K, the
values for F and C from the branch-washing experiment were
matched individually for each exposure period and site. In the case
of LC and CB in NE Spain the values of both variables were averaged
when the exposure periods were coincident, following regional
representativeness purposes. Therefore, 4 to 5 different exposure-
period values for each region (northern, central and north-
eastern) were used in the analysis (Table 2). Estimates of the sur-
face deposition conductance were calculated separately for LB and
NB in TC. Apart from calculating the mean regional K, a regression
between the F and C values (dependent and explanatory variables,
respectively) was performed, since the value of the slope (F/C)
would be equivalent to the K value if the intercept of Yg;s is set to
zero.

Surface dry deposition (DDgyf) of both reduced and oxidized
forms of N was calculated for the rainless days (in this study, days
with rain <0.5 mm) according to the formula:

DDy = C x LAl xK (3)
where:

C: atmospheric concentration of NH3 or HNO3 (ug m )
LAI: leaf area index (m? m~2)

K: surface deposition conductance for NHf and NO3 (m day™')

Stomatal uptake (DDstom) of both reduced and oxidized forms of
N gases was calculated according to the formula:

DDgiom = C x LAI x s (4)
where:

C: atmospheric concentration of NH3, NO, or HNO3 (pmol m3)
LAI: leaf area index (m? m~2)
cs: stomatal conductance for NHz, NO, or HNO3 (m day™!)

Stomatal conductance values of reactive N gases for forest trees
were calculated based on the modelled stomatal conductance to
H,0 vapour (gs) using the DO3SE (Deposition of Ozone and Sto-
matal Exchange) model (CLRTAP, 2004). The model uses the mul-
tiplicative approach defined by Jarvis (1976), modified by Emberson
et al. (2000) and parametrized for Q. ilex by Alonso et al. (2008):

8s = 8max X flight X fphen x max { fmin, (ftemp x fypp x fswp) } (5)

Where g5 for a given species is calculated as a function of the
maximum gs value for that particular species (gmax), modified ac-
cording to the phenological stage (fpnen) and prevailing environ-
mental factors that include photosynthetic active radiation (fjigne),
temperature (fremp), air vapour pressure deficit (fypp) and soil water
availability (fswp). fmin is the relative minimum stomatal conduc-
tance that occurs during daylight hours. In the present work,
because of the lack of soil water data, fswp was set to 1, and
considered as partially surrogated by the phenological function
(fphen). This model was used at an hourly scale and the results were
added up daily. Quasilaminar resistance and leaf surface resistance
were taken into account in the calculation of the fluxes, according
to the Mapping Manual (CLRTAP, 2004). Following Bytnerowicz
et al. (2015), the values of stomatal conductance for H»O vapour
(gs) were converted to stomatal conductance for NH3, NO, and
HNO3 (c¢s) according to Graham's law of molecular diffusion
(Massman, 1998) by multiplying gs by 1.029, 0.626 and 0.534,
respectively. Since stomatal fluxes of NH3 are bi-directional, the
DDgtom i.e. uptake of NH3 is not expected to occur below certain
ambient concentration of NHsz (compensation point). The
compensation point was estimated on a daily basis using a method
based on daylight air temperature and annual deposition of nitro-
gen (Massad et al., 2010). Absence of stomatal uptake of ammonia
was assigned to the days with concentrations lower than the
respective daily compensation point following Bytnerowicz et al.
(2015).

Measurements of LAI were conducted in every site and their
seasonal variation was estimated on a daily basis following the
methodology from CLRTAP (2004). The daily concentration of each
pollutant was equal to the mean concentration of the corre-
sponding passive-sampling period. These values were used in the
calculations of both daily DDgy;y and DD, and both values were
added up to obtain the total dry deposition (DD) of inorganic N.



H. Garcia-Gomez et al. / Environmental Pollution 243 (2018) 427—436 431

Table 3
Surface conductance values obtained from the branch-washing experiment using
natural branches (NB) for oxidized (Kjo; ) and reduced (KNH;) nitrogen.

Region N Kyy; (cm s Kno; (cms™)

Mean SE Mean SE
Central Spain (TC) 5 0.26 0.07 141 0.48
Northeastern (CB, LC) 4 0.27 0.05 0.49 0.17
Northern Spain (CA) 4 0.18 0.05 1.83 0.78
Mean 3 0.24 0.03 1.24 0.39
Regression 12 0.24 0.01 n.s.

n.s.: no significant regression was obtained between recovered nitrate and ambient
concentration of nitric acid vapour.

2.5. Estimation of total deposition of atmospheric N

Wet deposition from wet-only collectors was estimated by
multiplying the N concentration by the collected volume in each
period. Where the wet-only collector data were not available,
concentration and volume from the BD collector was used instead,
and the resulting BD value was corrected by the seasonal ratio wet/
bulk deposition (WD/BD) from the nearest monitoring site. The
values of the ratios were 1.31 and 1.45 for NHZ and 1.60 and 1.51 for
NOj3 in LC and TC, respectively. In CB the ratio WD/BD from LC was
applied, while in CA the mean of the WD/BD ratios from the LC and
TC sites was used. The estimated WD of N in every site was added
up seasonally and annually. Further details of the methodology and
results have been published in Garcia-Gomez et al. (2016) and
Aguillaume et al. (2017). Total deposition of N was calculated as the
sum of WD and DD in each site in the same seasonal- and annual-
basis.

2.6. Statistical analysis

Regression analysis and Pearson correlation tests between var-
iables, as well as the Student's t-test for mean comparison, were
performed by using Statistica version 13 (StatSoft, Inc. Tule, OK,
USA). When the data were not normal (according to Shapiro-Wilk
test and normal probability plots) the Spearman rank order cor-
relation was used instead of Pearson test and the Mann-Whitney U
test instead of the Student's t-test. Alpha level was set at 0.05. The
variability of the mean is described in this study either by the co-
efficient of variation (CV = standard deviation/mean; expressed as
percentage) or by the standard error (SE = standard deviation/ v/n).
In this work, seasons were considered as periods of three consec-
utive months, beginning on 1st January.

Table 4

3. Results
3.1. Branch-washing experiment

3.1.1. Natural branches

The flux of N deposited to the living branches (Fyy, , ny: and
Funo,+no; in eq. (1) and eq. (2)) during the exposure periods
showed an overall mean flux of 16.0 + 5.4 umol NHf m~? day~!
and 25.3 + 8.8 pmol NO3 m~2 day~! (Table 2). In general terms,
FNH3+NH3 and Fyno,+No; showed a slightly larger inter-regional
variability (59% and 60%, respectively) than intra-site (mean of
59% and 44%, respectively) or temporal variabilities (mean of 41%
and 50%, respectively). The mean fluxes were the highest in CA
(26.3 +8.4pumol NHf m~2 day~ ! and 41.7 + 7.2 pmol NO3 m~2
day~1). CB and LC sites showed the highest intra-site variability
for both reduced and oxidized forms (84% and 53%, respectively),
fairly higher than their respective temporal variability (57% and
33%).

The calculated foliar surface conductance values (Kyy: and
Kno, ) ranged 0.18—0.27 cm s~! (mean of 0.24 cms™!) for Kyp and
0.49-1.83cms™' (mean of 124cms™ ") for Kyo, (Table 3). The
regression between the flux of ammonium to the branches
(Fyp,+nh; ) @nd the ambient concentration of NH3 was significant
for the entire dataset. Since the interception coefficient was not
statistically different from zero, it was set to zero in order to obtain
a slope coefficient equivalent to the Kyy.. This value was

0.235cms™ !, very similar to the averaged Ky, value of 0.24 cms™".

No significant regression existed between the flux of nitrate to the
branches (Fyno, +No; ) and the concentration of HNO3. Moreover, the
K values obtained were much more variable among the studied
regions for oxidized than for reduced nitrogen. Because of this
difference in the results between N forms, and attending to the
empirical approximation of the method, the regional averaged
values of Knu: and Ko, presented in Table 3 were used for the
DDgyf calculations.

Significant Spearman correlations of Kyp; with temperature and
relative humidity (positively and negatively correlated, respec-
tively) occurred for both NB and LB. These correlations were more
significant in the case of NB. No significant relationships between
Ko, and meteorological variables were found.

3.1.2. Lyophilized branches

In TC site, the flux of oxidized N (Fyno,+nNo; ) to LB was slightly
higher than to NB (means of 31.8 + 1.7 vs. 22.3 + 5.2 pmol NO3 m 2
day~1), while Fyp,ny; was much higher for LB than NB (means of

Fluxes of deposited nitrogen into lyophilized vegetation from the branch-washing experiment and averaged concentration of ammonia and nitric acid vapour for each

exposure period in TC site (Central Spain).

Start date End date Fyy, wa; (nmol m~2day ') Fyno,-no, (nmol m 2 day™") NH3 (umol m~—3) HNO3 (umol m~3)
N*? Mean cv N* Mean cv
14-06-11 28-06-11 3 209 31% 3 46.6 12% 0.07 0.03
04-10-11 18-10-11 3 23.7 8% 3 39.1 24% 0.04 0.03
04-01-12 11-01-12 3 23.6 73% 3 8.5 20% 0.03 0.02
22-06-12 06-07-12 3 20.2 36% 3 524 4% 0.07 0.04
17-04-13 24-04-13 3 18.6 72% 3 12.6 35% 0.03 0.01
N Mean cvb cve Mean cvb cve Mean
5 214 10% 44% 31.8 63% 19% 0.05 0.03

2 Number of plots; each plot value corresponds to the mean of 3—4 branches exposed in the same pole;

b CV of the mean, representing temporal variability;
¢ Mean of the CVs, representing mean intra-site variability.
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Table 5
Estimated and measured annual N deposition to the four forest sites.

N deposition (kg N ha™')
CB TC CA LC CB TC CA LC

N deposition (% of TD)

DDstom
HNOs3 0.6 0.1 0.5 13 5% 1% 2% 7%
NH3 03 0.2 1.9 0.2 2% 2% 7% 1%
NO, 25 1.2 3.1 14 20% 13% 11% 8%
DDsurf

HNO3; + NO3 4.0 43 13.2 7.7 32%  45%  46%  43%
NH3 + NHZ 20 14 48 2.7 16% 15% 17% 15%
WD

NHZ 1.5 12 36 25 12% 13% 12% 14%
NO3 1.5 1.1 1.8 20 12% 11% 6% 11%
DD N 9.4 7.1 235 13.2 75%  76%  81%  74%
WD N 3.1 23 54 4.6 25%  24% 19%  26%
TD N 125 94 289 17.8

DDgtom: Stomatal dry deposition; DDgy: surface dry deposition; DD: dry
(DDstom + DDgyrf) deposition; WD: wet deposition; TD: total (wet + dry) deposition.

214+ 1.0 vs. 8.0+ 1.1 umol NHf m2 day ). The temporal vari-
ability of Fyy, NH and the intra-site variability of Fyno, no; were
higher in the LB experiment (Tables 2 and 4).

The averaged values of Kyy, for NB and LB were

0.26+0.06cms~! and 0.61+0.12cm s, respectively (data not
shown). No significant regression was found between Fyy , ny:

and NHj3 concentration at TC for neither the LB nor the NB data-
sets. This result could be explained by the small number of data
pairs (n =5) and the small range of NH3 concentrations (Table 4).
The averaged values of Kyo, for NB and LB were 1.41 + 0.48 cm 571
and 1.41 + 1.07 cms~ !, respectively (data not shown). A statisti-
cally significant regression (p=0.042; R>=0.80) between
Fhno, +No; and HNOj3 concentration was found for LB but not for NB
data. The LB conductance estimated from this regression was
1.49+0.17 cms™

For the overall dataset, no statistically significant Spearman rank
order correlation was found between N fluxes into the branches or
calculated conductance values and meteorological variables, apart
from a positive correlation of Fyno,no; and Kno; with wind ve-
locity (r=0.71 and 0.47, respectively).

3.2. Dry deposition estimation

For all the sites, the estimated surface deposition of oxidized N
tended to be much larger than the reduced one (means of
73+22kgNha 'year ! vs.2.7+0.7 kg N ha~! year~! for the four
sites). As an average of all sites, surface deposition represents a
mean of 54% + 4% of the dry deposition of atmospheric inorganic N.
The surface deposition of reduced N was particularly relevant in CA,
the most agrarian site, with a two-year mean of 4.8kgN ha~!
year~! (Table 5). The intra-annual variability found in the estimates
of surface N deposition showed a larger input during late-spring
and summer in all the sites (Fig. 1a).

In regards to stomatal conductance, g5 values increased as the
year progressed, reaching maximum monthly-means in May. The
site-averaged daytime g5 for 2011—2013 ranked across the sites as
follows: LC > CB > CA > TC; with mean values of 103.5, 98.2, 88.0
and 65.2mmol H,O m~2 PLA s, respectively. The stomatal
deposition of N gases averaged for the four sites 3.3 + 0.8 kg N
ha~! year~!, with NO, contributing the most (2.0 + 0.4 kg N ha™!
year!). Stomatal uptake of NH3 was noticeable in CA, with
1.9kgN ha~! year~! (Table 5). The relative contribution of NO,
deposition to dry deposition of N averaged 19% in the peri-urban
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Fig. 1. Monthly mean (n =2 years) of (a) surface and (b) stomatal deposition of at-
mospheric nitrogen estimated for the four Quercus ilex forests of the study.

forests (CB, TC and CA), while it represented 10% in LC (Fig. 2). The
temporal variability found in the estimates of stomatal N depo-
sition (Fig. 1b) was very similar to the one described above for the
modelled gs.

Dry deposition (stomatal uptake + surface deposition) of
inorganic N ranged from 7.1 kg N ha~! year™! in TC to 23.5kgN
ha~'year~!in CA (Table 5), with the surface deposition pathway
averaging 74% + 3% of the dry deposition (Fig. 2). Dry deposition
of N was dominated by the surface dry deposition of oxidized
forms of N in all the sites and for most of the seasons (Table 5;
Fig. 2). In CA, reduced N accounted for a 29% of the dry deposi-
tion of inorganic N, while it represented 23% in the other sites.
The highest seasonal estimate of N dry deposition occurred in
spring in CB and LC sites and in summer at the other two sites
(Fig. 2).

3.3. Total deposition of N

The estimated annual wet deposition of inorganic N ranged
from 2.3 to 5.4 kg N ha~! year~! (in TC and CA sites, respectively),
and it was slightly dominated by the reduced form (mean of
2.2 +0.5 kg NH4—N ha~! year~! for the four sites), particularly in
CA (Table 5). Total deposition of inorganic N (dry + wet) varied
from 9.4 kg N ha~! year! in TC to 28.9kgN ha~! year! in CA.
The dry deposited N represented more than 70% of the total
annual deposition of inorganic N at all the sites (mean of
77% +2%). The contribution of the reduced forms (both wet and
dry altogether) to the total deposition was the most important in
CA (36%), while it was very similar in the remaining sites (30% on
average). Surface dry deposition of oxidized forms of N was the
most contributing load to total deposition at all the sites
(41% + 3%; Table 5) and for most of the seasons (>27%, except
winter in CA and CB, and autumn in CB and LC; data not shown).
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Fig. 2. Seasonal dry deposition of total inorganic nitrogen into the four Quercus ilex forests of the study. Note that the scale for CB and TC is different from the other sites.

4. Discussion
4.1. Branch-washing experiment

4.1.1. Natural branches

Fluxes of N to the branches (Fyno, no; and Fyy, SNH! ) in the NE
region showed an intra-site variability higher than the temporal
variability for both N fluxes in this region, while it did not happen in
CA and only for Fyy, , ny+ in TC. It could be expected that temporal
variability would be larger than intra-site variability since fluxes of
N to the branches are described to change with the variations in
atmospheric concentration of N and meteorological conditions
(Andersen and Hovmand, 1999; Fowler et al., 2009; Pratt et al.,
1996). The highest intra-site variability for an exposure period
found in CB and LC occurred in late spring, with CV values of 123%
for Fntynh: and 49% for Fyno,no; (Table 2), similar to values re-
ported in a previous branch-washing experiment in LC (108% for
Fyp, NH. and 49% for Fyno,+no;, for a similar period of the year;

Rodrigo and Avila, 2002). This high spatial variability can respond
to the orography of the terrain at those two sites, since both are
placed in a hilly and sloping terrain. In these conditions, the aero-
dynamic resistance of the canopy can vary strongly across the
monitoring site, making the deposition velocity to the canopy to
fluctuate as well.

With regards to surface conductance values, the good correla-
tion found between Fyy, . yy: and NH3 indicates that the concen-
tration of NHjs is a variable that explains most of the flux of NHZ to
the branches robustly across time and regions for Q. ilex forests in

this study. On the other hand, no significant correlation was found
between Fino,no; and atmospheric concentrations of HNOs, and
the calculated Kyo, showed a high temporal variability, without a
clear seasonal pattern. In this sense, the estimation of surface
deposition of oxidized N presented higher uncertainty than the
estimation of reduced N, pointing out that further research is
needed to understand the processes involved in the dry deposition
of oxidized N.

The almost complete lack of correlation between meteorological
and deposition variables was unexpected, since the deposition
rates of pollutants into forest canopies are strongly influenced by
ambient conditions (Fenn et al., 2009; Fowler et al., 2009). One
explanation could be the heterogeneous duration of the exposure
periods (from 8 to 63 days) that made the meteorological data less
suitable for statistical analysis (in fact, the meteorological variables
were not strongly correlated among themselves, as it should be
expected). Another source of uncertainty could be related to the
fact that aerosol concentration was not taken into account in the
calculation of surface deposition conductance. This issue could be
relevant for the winter and autumn exposure periods, when the
aerosol fraction of atmospheric N is more important (Garcia-Gémez
et al, 2016). In fact, the highest Kyo, values occurred in CA, the site
with the highest concentration of particulate NO3 and most
favouring conditions (high NH3 concentrations and low tempera-
tures) for the formation and stability of ammonium nitrate
(NH4NO3) (Garcia-Gomez et al,, 2016). Besides, the Kyo, values
across all the three climatic regions were higher for winter and
autumn than for summer exposure periods (data not shown). This
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could mean that particulate NO3 deposition was important enough
in some exposure periods to bias the Ky, calculations in com-
parison with the rest of periods. However, no significant correlation
was found between the fluxes of Fyno, (no; and Fyy, NH; (data not

shown), restraining the possibility of a potentially important
deposition of NH4NOs. In any case, a better quantification of at-
mospheric aerosol and its inclusion in the calculations derived from
branch washing experiments could increase the reliability and
robustness of the EIM estimates.

Apart from the above-discussed sources of uncertainty in dry
deposition estimate (orography, length of exposure, aerosol con-
centration), there is also another potential one. Since living
branches could not be washed with distilled water at the onset of
each sampling period, we considered exposure periods to begin at
the end of the previous rain. This caused the heterogeneous
exposure periods but also implied an uncertainty in the initial state
of cleanness of the branches at each period. However, the precipi-
tation storing capacity (Zinke, 1967) of the canopies indicated that
rains above 2.8, 1.5 and 0.9 mm for LC, CB and CA, and TC, respec-
tively, could be considered sufficient for a clean start of dry depo-

sition periods (Avila et al., 2017). All the periods showed previous
precipitations above these values and, moreover, the exposure
periods were long enough at all sites to minimise the contribution
of the residual previous deposition.

4.1.2. Lyophilized branches

The use of lyophilized compared to natural branches offered the
possibility to disentangle some of the canopy processes linked to
biological activity that could modify atmospheric deposition esti-
mations. The higher values of Fyy, , ny; obtained using LB in com-

parison with NB could be related to the active phyllosphere present
in the NB but absent in the LB. The phyllosphere might absorb or
transform part of the surface deposited NH4 during the exposure
periods and therefore reduce the Fyy ,yy; observable in the
washings. Recent studies of throughfall deposition suggest that tree
canopies play an active role in the N cycling within forest ecosys-
tems (Guerrieri et al., 2015). Further experiments comparing NB
and LB washing, together with throughfall and bulk deposition
monitoring, could help in clarifying in-canopy processing of dry
deposition.

In the case of Fyno, +no;, the flux was also higher to LB than to
NB, but the difference was smaller than in the Fyy, ,ny; case. The
intra-site variability of Fyno,no, for LB experiment was less than
half of the one found in NB washings, which could be caused by the
more homogeneous exposure of the LB (every pole was installed in
an open space of the canopy with similar LB exposed in four
different orientations). Aside from differences in variability, the
mean value of the estimated Kyo, for LB was very similar to the
mean Kyo, calculated for NB in the same site. These results could
indicate that the estimation of dry deposition of N to vegetation
surfaces is more affected by biological processes for the reduced N
than the oxidized forms.

4.2. Dry deposition

Surface dry deposition (DDgyy) for each region was estimated
using the surface deposition conductances obtained with NB
washing experiments. Surface deposition was dominated by N
oxidized forms. In fact, the temporal variability of DDgyf of N was
driven by the temporal pattern of HNO3 concentrations showing
higher values during spring and summer (Garcia-Gomez et al.,
2016). The inter-sites variability was mainly related to differences
in site-specific concentrations of HNO3 and in LAI

Estimation of the dry deposition of N to canopy surfaces by
means of the canopy budget model (CBM; Staelens et al., 2008),
which does not include stomatal deposition estimation, for the
same sites and period as the present study have been previously

presented (Aguillaume et al., 2017; Avila et al., 2017). Those studies
showed in general lower values (from 23% to 73% lower) of surface

deposition, except for CB (57% higher). Avila et al. (2017) indicated
that the existing uncertainties in canopy processes and in the pa-
rameters employed in CBM calculations, particularly in dry envi-
ronments, could be limiting the performance of that method in
comparison with other approximations. It is therefore important to
fully understand these in-canopy processes (nitrification, plant and
lichen uptake, microbial immobilization, among other possible) to
be able to further improve the methodologies for estimating dry
deposition to vegetation.

In regards to the stomatal deposition (DDgtr), gaseous N was
predominantly taken up in the form of NO,—N because of its
highest concentration in air (the predominant gaseous form of N at
all the sites), despite not having the highest diffusivity (Massman,
1998). As expected, the relative contribution of NO, deposition to
total dry deposition of N was higher at the three peri-urban forests
than in the most remote site (19.0% and 10.4%, respectively).
Therefore, NO, deposition should be always taken into consider-
ation for estimating dry deposition of N, particularly in sites close to
the pollution sources, as it has been pointed out by other authors
(Zhang et al., 2005). Ammonia uptake was relevant (7% of total dry
deposition) only in CA, the most agricultural site, because of its
higher concentration values (Table 2; Garcia-Gémez et al., 2016).

The inter-site variability of leaf uptake of atmospheric gaseous N
compounds did not exactly mirror the inter-site gs rank, since other
factors such as LAI and gas concentration were more relevant. In
this sense, the largest LAl and NH3 concentration at CA caused the
highest stomatal deposition of all the sites. However, the seasonal
variability mainly followed the variations of the modelled gs in all
the locations, slightly modulated by the variability of concentration
of gaseous N compounds.

The noticeable importance of LAI in deposition estimation
suggests that a more detailed research on how N is deposited to the
surface of tree branches is needed. In a branch-washing experiment
performed in a coniferous forest by Janson and Granat (1999), the
flux of HNOs3 to the branches was revealed to decrease up to 70%
from the exposed upper parts of the crown to the inner and less
exposed parts. This decrease is not predictable to occur in Q. ilex
forests in that degree, since approximately 60% of the total leaf area
is expected found in the uppermost meter of the canopy and more
than 81% in the upper 2 m (Sabaté et al., 1999). Therefore, although
a correction in this way could be developed, it would not be ex-
pected to produce a big reduction in the results for these particular
forests.

The estimated total dry deposition of atmospheric N in the four
Q. ilex forests was dominated by the surface deposition of HNO3 and
particulate NO3 at all the sites, even when transcuticular deposition
of HNO3 was not taken into consideration. Although many studies
have highlighted the importance of NO, and NHs contribution to
total dry deposition, particularly in locations close to their sources
(Flechard et al., 2011; Schmitt et al., 2005), HNO3 deposition is also
recognized to make a significant contribution to nitrogen deposi-
tion across Europe (Fowler et al., 2009; Garten et al., 1998) and
other countries (Elliott et al., 2009; Zhang et al., 2005). In our study,
the highest contribution of these oxidized forms responded mainly
to the high concentration of HNO3 during spring and summer,
caused by photochemical formation of HNOs3, which is a well-
documented Mediterranean particularity (Bytnerowicz and Fenn,
1996; Millan et al., 2002; Tzanis et al., 2009). A high contribution
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of HNO3 to the atmospheric N dry deposition has been reported in
other forests in Mediterranean areas (Bytnerowicz et al., 1999,
2015). Therefore, further efforts are needed to include reliable
HNO3 measurements in broad-scale atmospheric deposition
monitoring networks, particularly during summer.

4.3. Total deposition of N

Dry deposition (surface deposition + stomatal uptake) repre-
sented the highest contribution (77% + 2%) to the total N deposition
in the Q. ilex forest studied. Total deposition was dominated by the
surface dry deposition of oxidized N forms at all the sites and for
most of the seasons. The estimated total deposition varied among
the sites matching the geographical rank pattern previously found
in model estimates (Garcia-Gomez et al., 2014): higher deposition
was determined at the northern site (28.9 kg N ha! year~!) and at
the north-eastern sites (17.8 and 12.5 kg N ha~! year~!) than at the
central-Spain site (9.4 kg N ha~! year~!). An additional bulk depo-
sition of organic N compounds has been reported as well, repre-
senting up to 56% of the total dissolved N deposition (Izquieta-
Rojano et al., 2016). Further research is needed to disentangle the
origin of these organic N compounds and their role in the
ecosystem N cycling.

Values of total inorganic N deposition were compared to the
proposed N critical loads (CL) for conservation of Q. ilex forests. A
critical load is a threshold for N deposition established within the
Convention on Long-Range Tranboundary Air Pollution framework
(CLRTAP). The CL is defined as the quantitative estimate of pollutant
deposition below which significant harmful effects on specified
sensitive elements of the environment do not occur according to
present knowledge (CLRTAP, 2004). An empirical CL of 10—20 kg N
ha~! year’1 has been ascribed to Mediterranean Quercus forests
following expert criteria (Bobbink and Hettelingh, 2011). A smaller
CL of 3—6kgN ha~! year~! has been also proposed for the pro-
tection against shifts in epiphytic lichen communities in Mediter-
ranean chaparral ecosystems of California (Pardo et al., 2011).
According to the presented estimates of N deposition, only in TC the
threshold proposed in the revision of Bobbink and Hettelingh
(2011) for the protection of Mediterranean evergreen Quercus
woodlands was not reached for the study period, and all sites
exceeded the CL proposed for the protection of epiphytic lichens of
similar habitats in California (Pardo et al., 2011). These results point
out the need to monitor atmospheric N pollutant and to estimate
total (wet + dry) deposition as a factor that could be altering the
functioning and biodiversity of Q. ilex forests in Spain.

5. Conclusions

The empirical inferential method (EIM) has been combined with
an empirical stomatal conductance model to estimate the atmo-
spheric dry deposition in Q. ilex forests in Spain. The surface
conductance values for N compounds obtained using branch
washing techniques were similar to values reported in experiments
conducted in other Mediterranean areas. The washing experiment
using lyophilized branches gave similar surface conductance values
compared to the ones with living branches for particulate nitrate
and nitric acid vapour, but higher for particulate ammonium and
ammonia. This discrepancy could indicate a preferential uptake or
transformation of the reduced dry-deposited N in the phyllosphere.
Further studies are needed to characterize and quantify the fluxes
of N in the phyllosphere. The comparison of LB and NB experiments
have shown helpful for studying the in-canopy processes of the
forest N cycle and can help to improve the estimation of N depo-
sition with EIM.

Dry deposition in Q. ilex forests in Spain ranged 7.1-23.5 kg N
ha~!year~!, which implies an important contribution (77% + 2%) to
the total inorganic N deposition in these forests. Total deposition
was dominated by the dry deposition of oxidized N forms at all the
sites and for most of the seasons. Particularly, concentrations of
HNOj3 led to the pronounced seasonal variations of surface N
deposition. The inter-site variability in dry deposition responded to
a combination of factors, with special relevance of HNO3 concen-
tration and LAI values. Further efforts are needed to include reliable
HNO3 measurements in broad-scale atmospheric deposition
monitoring networks (at least in summer), together with NO,
measurements (especially in peri-urban forests, due to the impor-
tant contribution to total deposition), and to increase the avail-
ability of reliable forest-specific LAI data.

The total atmospheric N deposition in the Q. ilex forest studied,
resulting from adding dry deposition estimations with wet depo-
sition, reached values above the critical loads of N proposed for the
conservation of Mediterranean broadleaf evergreen forests. Thus,
atmospheric N deposition needs to be considered in monitoring
programs of ecosystems and biodiversity conservation. In this
sense, the proposed improved empirical inferential method offers
an affordable and simple methodology to obtain site-specific esti-
mations of dry deposition of atmospheric nitrogen.

Acknowledgments

This research was funded by the Spanish projects EDEN-MED
-Effects of nitrogen deposition in Mediterranean ecosystems
(CGL2017-84687-C2-1-R), AGRISOST-CM (S2013/ABI-2717, Comu-
nidad de Madrid), ConCumbres (CA_BT_BM_2017, Fundacién Bio-
diversidad) and by the European Projects ECLAIRE (FP7-ENV-2011/
282910) and Life+ RESPIRA (LIFE13 ENV/ES/000417). The study was
also supported by the agreement between CIEMAT and the Spanish
Ministry of Agriculture, Food and Environment for Advice on
CLRTAP Convention (Exp. N° 17 CAES0009) and the agreement
between CEDEX and CIEMAT (NEC 416001). The utilization of Tres
Cantos monitoring site was possible thanks to an agreement be-
tween CIEMAT and Ayuntamiento de Madrid. Our acknowledge-
ment also to Susana Elvira, Héctor Calvete, Isaura Rdbago and Javier

Sanz for technical assistance, and Miguel Sanchez, M. Angeles
Clavero and Manuel Fernandez for the analytical work.

References

Aguillaume, L, Izquieta-Rojano, S. Garcia-Gomez, H. Elustondo, D,
Santamaria, J.M., Alonso, R., Avila, A., 2017. Dry deposition and canopy uptake in
Mediterranean holm-oak forests estimated with a canopy budget model: a
focus on N estimations. Atmos. Environ. 152, 191-200.

Alonso, R., Bytnerowicz, A., Boarman, W., 2005. Atmospheric dry deposition in the
vicinity of the Salton Sea, California—I: air pollution and deposition in a desert
environment. Atmos. Environ. 39, 4671—4679.

Alonso, R, Elvira, S., Sanz, M.]., Gerosa, G., Emberson, L.D., Bermejo, V., Gimeno, B.S.,
2008. Sensitivity analysis of a parameterization of the stomatal component of
the DO3SE model for Quercus ilex to estimate ozone fluxes. Environ. Pollut. 155,
473—-480.

Andersen, H.V., Hovmand, M.E, 1999. Review of dry deposition measurements of
NH3 and HNOS3 to forest. For. Ecol. Manage. 114, 5—18.

Avila, A., Aguillaume, L. Izquieta-Rojano, S., Garcia-Gémez, H., Elustondo, D.,
Santamaria, J.M., Alonso, R., 2017. Quantitative study on nitrogen deposition
and canopy retention in Mediterranean evergreen forests. Environ. Sci. Pollut.
Res. 1—14. First Online: 06 April 2017.

Review and revision of empirical critical loads and dose-response relationships. In:
Bobbink, R., Hettelingh, J.P. (Eds.), 2011. Coordination Centre for Effects, Na-
tional Institute for Public Health and the Environment (RIVM), Bilthoven, The
Netherlands, p. 244. www.rivm.nl/cce.

Bytnerowicz, A., Fenn, M.E., 1996. Nitrogen deposition in California forests: a re-
view. Environ. Pollut. 92, 127—-146.

Bytnerowicz, A., Fenn, M., Miller, P., Arbaugh, M., 1999. Wet and dry pollutant
deposition to the mixed conifer forest. In: Miller, P.R., McBride, ]. (Eds.), Oxidant
Air Pollution Impacts in the Montane Forests of Southern California: the San
Bernardino Mountains Case Study, Ecological Series 134. Springer, New York,


http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref1
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref2
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref2
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref2
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref2
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref2
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref3
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref4
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref4
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref4
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref5
http://www.rivm.nl/cce
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref7
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref7
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref7
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8

436 H. Garcia-Gomez et al. / Environmental Pollution 243 (2018) 427—436

pp. 235—269.

Bytnerowicz, A., Sanz, M., Arbaugh, M., Padgett, P, Jones, D., Davila, A., 2005. Passive
sampler for monitoring ambient nitric acid (HNO3) and nitrous acid (HNO3)
concentrations. Atmos. Environ. 39, 2655—2660.

Bytnerowicz, A., Johnson, R.F, Zhang, L., Jenerette, G.D., Fenn, M.E., Schilling, S.L.,
Gonzélez-Fernandez, 1., 2015. An empirical inferential method of estimating
nitrogen deposition to Mediterranean-type ecosystems: the San Bernardino
Mountains case study. Environ. Pollut. 203, 69—88.

Clarke, N., Zlindra, D., Ulrich, E., Mosello, R., Derome, J., Derome, K., Konig, N.,
Lovblad, G., Draaijers, G.PJ., Hansen, K., Thimonier, A., Waldner, P., 2010. Part
XIV. Sampling and analysis of deposition. In: Manual on Methods and Criteria
for Harmonized Sampling, Assessment, Monitoring and Analysis of the Effects
of Air Pollution on Forests. UNECE, ICP Forests, Hamburg, p. 66.

CLRTAP (Convention on Long-range Transboundary Air Pollution), 2004. Manual on
Methodologies and Criteria for Modelling and Mapping of Critical Loads and
Levels and Air Pollution Effects, Risks and Trends. Umweltbundesamt, Berlin,
Germany. Available on-line at. http://icpmapping.org/Latest_update_Mapping_
Manual. (Accessed 5 January 2018).

Cook, MLE., Sponseller, R., Grimm, N.B., Hall, S.J., 2018. Mixed method approach to
assess atmospheric nitrogen deposition in arid and semi-arid ecosystems. En-
viron. Pollut. 239, 617—630.

Dasch, J.M., 1989. Dry deposition of sulphur dioxide or nitric acid to oak, elm and
pine leaves. Environ. Pollut. 59, 1-6.

Elliott, E.M., Kendall, C., Boyer, EW., Burns, D.A,, Lear, G.G., Golden, H.E., Harlin, K.,
Bytnerowicz, A., Butler, TJ., Glatz, R., 2009. Dual nitrate isotopes in dry depo-
sition: utility for partitioning NOx source contributions to landscape nitrogen
deposition. J. Geophys. Res. 114, G04020.

Emberson, L.D., Simpson, D., Tuovinen, ]J., Ashmore, M.R., Cambridge, H.M., 2000.
Towards a Model of Ozone Deposition and Stomatal Uptake over Europe, EMEP
MSC-W Note 6/2000. Norwegian Meteorological Institute, Oslo, Norway.

Fenn, M.E., Sickman, ].O., Bytnerowicz, A., Clow, D.W., Molotch, N.P,, Pleim, J.E.,
Tonnesen, G.S., Weathers, K.C.,, Padgett, PE., Campbell, D.H., 2009. Chapter 8
methods for measuring atmospheric nitrogen deposition inputs in arid and
montane ecosystems of western north America. In: Legge, A.H. (Ed.), De-
velopments in Environmental Science, Vol. 9: Air Quality and Ecological Im-
pacts: Relating Sources to Effects. Elsevier, Amsterdam, pp. 179—-228.

Flechard, C.R., Nemitz, E., Smith, R.I., Fowler, D., Vermeulen, A.T., Bleeker, A.,
Erisman, JW.,, Simpson, D., Zhang, L., Tang, Y.S., Sutton, M.A., 2011. Dry depo-
sition of reactive nitrogen to European ecosystems: a comparison of inferential
models across the NitroEurope network. Atmos. Chem. Phys. 11, 2703—2728.

Fondazione Salvatore Maugeri, 2006. Instruction Manual for Radiello Sampler, first
ed./2006 http://www.radiello.com.

Fowler, D., Pilegaard, K., Sutton, M.A., Ambus, P, Raivonen, M. Duyzer, ].,
Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring, J.K.,, Granier, C., Neftel, A,
Isaksen, L.S.A., Laj, P, Maione, M., Monks, PS., Burkhardt, J., Daemmgen, U.,
Neirynck, J., Personne, E., Wichink-Kruit, R., Butterbach-Bahl, K., Flechard, C.,
Tuovinen, J.P., Coyle, M., Gerosa, G., Loubet, B., Altimir, N., Gruenhage, L.,
Ammann, C,, Cieslik, S., Paoletti, E., Mikkelsen, T.N., Ro-Poulsen, H., Cellier, P.,
Cape, J.N., Horvath, L., Loreto, F.,, Niinemets, U., Palmer, P.L, Rinne, J., Misztal, P.,
Nemitz, E., Nilsson, D., Pryor, S., Gallagher, M.W., Vesala, T., Skiba, U,
Briiggemann, N., Zechmeister-Boltenstern, S., Williams, ], O'Dowd, C,
Facchini, M.C,, de Leeuw, G., Flossman, A., Chaumerliac, N., Erisman, J.W., 2009.
Atmospheric composition change: ecosystems—Atmosphere interactions.
Atmos. Environ. 43, 5193—5267.

Garcia-Gémez, H., Garrido, J.L., Vivanco, M.G., Lassaletta, L., Rabago, I, Avila, A.,
Tsyro, S., Sanchez, G., Gonzdlez Ortiz, A., Gonzdlez-Fernandez, I., Alonso, R.,
2014. Nitrogen deposition in Spain: modelled patterns and threatened habitats
within the Natura 2000 network. Sci. Total Environ. 485—486, 450—460.

Garcia-Gomez, H. Aguillaume, L., Izquieta-Rojano, S., Valino, F, Avila, A,
Elustondo, D., Santamaria, ]J.M., Alastuey, A., Calvete-Sogo, H., Gonzalez-
Fernandez, I., Alonso, R., 2016. Atmospheric pollutants in peri-urban forests of
Quercus ilex: evidence of pollution abatement and threats for vegetation. En-
viron. Sci. Pollut. Res. 23, 6400—6413.

Garcia-Gomez, H., Gonzdlez-Ferndndez, ., Vivanco, M.G., Calvete-Sogo, H., Bermejo-
Bermejo, V., Valino, F,, Rabago, I, Alonso, R., 2017. Depdsito atmosférico de
nitrégeno en Espana y evaluacién del riesgo de efectos en los habitats terrestres
de la Red de Parques Nacionales. Ecosistemas 26, 55—65.

Garten, C.T., Hanson, PJ., 1990. Foliar retention of "N-nitrate and 'N-ammonium
by red maples (Acer rubrum) and white oak (Quercus alba) leaves from simu-
lated rain. Environ. Exp. Bot. 30, 333—342.

Garten, C.T., Schwab, A.B., Shirshac, T.L., 1998. Foliar retention of N-15 tracers:
implication for net canopy exchange in low- and high-elevation forest eco-
systems. For. Ecol. Manag. 103, 211-216.

Guerrieri, R., Vanguelova, E.I, Michalski, G., Heaton, T.H., Mencuccini, M., 2015.
Isotopic evidence for the occurrence of biological nitrification and nitrogen
deposition processing in forest canopies. Global Change Biol. 21 (12),
4613—4626.

Hereter, A., Sanchez, J.R., 1999. Experimental areas of prades and montseny. In:

Roda, F, et al. (Eds.), Ecology of Mediterranean Evergreen Oak Forests.
Springer— Verlag Berlin Heidelberg, New York, pp. 15—28.

Hanson, PJ., Lindberg, S.E., 1991. Dry deposition of reactive nitrogen compounds: a
review of leaf, canopy and non-foliar measurements. Atmos. Environ. Part A.
Gen. Top. 25, 1615—-1634.

Izquieta-Rojano, S., Garcia-Gomez, H., Aguillaume, L., Santamaria, J.M., Tang, Y.S.,
Santamaria, C., Valino, F, Lasheras, E. Alonso, R, Avila, A, Cape, J.N,
Elustondo, D., 2016. Throughfall and bulk deposition of dissolved organic ni-
trogen to holm oak forests in the Iberian Peninsula: flux estimation and iden-
tification of potential sources. Environ. Pollut. 210, 104—112.

Janson, R, Granat, L., 1999. A foliar rinse study of the dry deposition of nitric acid to
a coniferous forest. Agric. For. Meteorol. 98—99, 683—696.

Jarvis, P.G., 1976. The interpretation of the variations in leaf water potential and
stomatal conductance found in canopies in the field. Philos. Trans. R. Soc.
London, Ser. A B 273, 593—610.

Lorenz, M., Becher, G., 2012. Forest Condition in Europe, 2012. Technical report of
ICP forests. Work report of the Thiinen Institute for World Forestry 2012/
1Hamburg, p. 165.

Massad, RS., Tuzet, A., Loubet, B., Perrier, A., Cellier, P., 2010. Model of stomatal
ammonia compensation point (STAMP) in relation to the plant nitrogen and
carbon metabolisms and environmental conditions. Ecol. Model. 221, 479—494.

Massman, WJ., 1998. A review of the molecular diffusivities of H,0, CO,, CHg, CO,
03, SO3, NH3, N,0, NO, and NO, in air, O, and N; near STP. Atmos. Environ. 32,
1111-1127.

Millan, M.M., Sanz, M.J., Salvador, R., Mantilla, E., 2002. Atmospheric dynamics and
ozone cycles related to nitrogen deposition in the western Mediterranean.
Environ. Pollut. 118, 167—186.

Monteith, J., Unsworth, M., 2008. Principles of Environmental Physics, third ed.
Academic Press (Elsevier), New York, p. 440.

Nyiri, A., Gauss, M., 2010. Improved Resolution in the EMEP Model. Transboundary
Acidification, Eutrophication and Ground Level Ozone in Europe in 2008. EMEP
Status Report 2010. The Norwegian Meteorological Institute, Oslo, Norway,
pp. 99—-104.

Gen. Tech. Rep. NRS-80. In: Pardo, L.H., Robin-Abbott, M.J., Driscoll, C.T. (Eds.), 2011.
Assessment of Nitrogen Deposition Effects and Empirical Critical Loads of Ni-
trogen for Ecoregions of the United States. U.S. Department of Agriculture,
Forest Service, Northern Research Station, Newtown Square, PA, p. 291.

Pratt, G.C,, Orr, EJ, Book, D.C, Straaman, R.L., Fundine, D.W., Twaroski, CJ].,
Thornton, J.D., Meyers, T.P.,, 1996. Estimation of dry deposition of inorganics
using filter pack data and inferred deposition velocity. Environ. Sci. Technol. 30,
2168—-2177.

Raivonen, M., Vesala, T., Pirjola, L., Altimir, N., Keronen, P., Kulmala, M., Hari, P,
2009. Compensation point of NOx exchange: net result of NOy consumption and
production. Agric. For. Meteorol. 149, 1073—1081.

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

Sabaté, S., Sala, A., Gracia, C.A., 1999. Leaf traits and canopy organization. Ecological
studies series. In: Roda, F,, et al. (Eds.), Ecology of Mediterranean Evergreen Oak
Forests, vol. 137. Springer, Berlin, Germany, pp. 121-134.

Saxe, H., 1986. Effects of NO, NO, and CO; on net photosynthesis, dark respiration
and transpiration of pot plants. New Phytol. 103, 185—197.

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

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

Tzanis, C., Varotsos, C., Ferm, M. Christodoulakis, J., Assimakopoulos, M.N.,
Efthymiou, C., 2009. Nitric acid and particulate matter measurements at Athens,
Greece, in connection with corrosion studies. Atmos. Chem. Phys. 9 (21),
8309—-8316.

Vet, R, Artz, RS, Carou, S., Shaw, M., Ro, C.U,, Aas, W., Baker, A., Bowersox, V.C,,
Dentener, F., Galy-Lacaux, C, Hou, A., Pienaar, ]J., Gillett, R, Forti, M.C,
Gromov, S., Hara, H., Khodzher, T., Mahowald, N.M., Nickovic, S., Rao, PS.P,
Reid, N.W., 2014. A global assessment of precipitation chemistry and deposition
of sulfur, nitrogen, sea salt, base cations, organic acids, acidity and pH, and
phosphorus. Atmos. Environ. 93, 3—100.

Wesely, M.L,, Hicks, B.B., 2000. A review of the current status of knowledge on dry
deposition. Atmos. Environ. 34 (12—-14), 2261-2282.

Zhang, L., Brook, J.R,, Vet, R., Wiebe, A., Mihele, C., Shaw, M., O'Brien, .M., Igbal, S.,
2005. Estimation of contributions of NO, and PAN to total atmospheric depo-
sition of oxidized nitrogen across Eastern Canada. Atmos. Environ. 39,
7030—-7043.

Zinke, PJ., 1967. Forest interpretation studies in the United States. In: Sopper, W.E.,
Lull, H.E. (Eds.), International Symposium on Forest Hydrology. Pergamon Press,
Oxford, pp. 137—161.


http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref8
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref9
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref10
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref11
http://icpmapping.org/Latest_update_Mapping_Manual
http://icpmapping.org/Latest_update_Mapping_Manual
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref13
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref13
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref13
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref13
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref14
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref14
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref14
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref15
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref15
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref15
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref15
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref16
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref16
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref16
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref17
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref19
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref19
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref19
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref19
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref19
http://www.radiello.com
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref21
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref22
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref23
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref24
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref25
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref26
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref26
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref26
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref26
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref27
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref27
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref27
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref27
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref27
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref28
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref29
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref29
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref29
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref29
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref30
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref31
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref31
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref31
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref31
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref32
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref32
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref32
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref32
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref33
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref33
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref33
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref34
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref34
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref34
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref34
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref35
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref36
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref36
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref36
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref36
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref36
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref37
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref37
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref38
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref39
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref39
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref39
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref39
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref40
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref40
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref40
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref40
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref40
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref41
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref42
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref42
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref42
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref42
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref42
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref43
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref44
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref44
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref44
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref44
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref44
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref45
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref45
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref45
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref45
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref45
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref46
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref46
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref46
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref46
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref46
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref47
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref47
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref47
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref47
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref47
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref48
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref49
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref49
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref49
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref49
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref50
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref51
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref51
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref51
http://refhub.elsevier.com/S0269-7491(18)33900-9/sref51

	Joining empirical and modelling approaches to estimate dry deposition of nitrogen in Mediterranean forests
	1. Introduction
	2. Material and methods
	2.1. Study sites
	2.2. Field measurements
	2.3. Branch-washing experiment
	2.4. Estimation of dry deposition of atmospheric N by the empirical inferential method (EIM)
	2.5. Estimation of total deposition of atmospheric N
	2.6. Statistical analysis

	3. Results
	3.1. Branch-washing experiment
	3.1.1. Natural branches
	3.1.2. Lyophilized branches

	3.2. Dry deposition estimation
	3.3. Total deposition of N

	4. Discussion
	4.1. Branch-washing experiment
	4.1.1. Natural branches
	4.1.2. Lyophilized branches

	4.2. Dry deposition
	4.3. Total deposition of N

	5. Conclusions
	Acknowledgments
	References


