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Abstract: Considering the fragility of the Mediterranean environment, there is an increasing need to
improve the knowledge of this forest environment. The aim of this study was to examine the effects of
air pollution on the forest ecosystem’s condition by analyzing tree vitality. The study area was chosen
to represent the most important and the most common species in Mediterranean forest ecosystems of
the Eastern Adriatic coast. Quercus pubescens, Quercus ilex, Pinus halepensis, and Pinus nigra plots were
equipped with rain collectors and dendrometer bands. Sampling, measurements, and analyses of
atmospheric deposition, foliar nutrient, defoliation, and growth were all carried out. Results showed
that actual N deposition loads were the lowest in Aleppo pine forest and the highest in holm oak
forests. This, however, did not have an effect on the concentrations of N in foliage. Most elements’
concentrations were in the plausible range. No relevant differences in mean defoliation between the
plots were observed. The plots with a lower percentage of basal area increment (BAI%) were found
to have lower defoliation. The research was conducted to bridge the gap in the knowledge of air
pollutants and vitality indicators in different forest types. These findings are a valuable contribution
to the sustainable forest management of Mediterranean forest.
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1. Introduction

Mediterranean forests provide a wide array of environmental services and products. Despite their
important role as primary green infrastructure of the region, Mediterranean forests are subject
to numerous threats, such as forest fires, intense droughts, over-exploitation, deforestation,
and degradation. Among all bioclimatic regions, the Mediterranean region appears to be the most
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vulnerable. The vulnerability to climate change is related to the trend of increasing temperature,
degradation of water resources and to the increased water demand and impacts of air pollution [1].

According to the National Emission Ceilings Directive reporting status 2018 [2], to achieve
adequate air quality levels and avoid significant negative impacts on ecosystems in Europe, the revised
National Emission Ceilings Directive [2] sets emission reduction commitments for each Member State
to be reached by 2030. Four Member States exceeded ceilings in 2016 for one of four important air
pollutants—nitrogen oxides (NOx), non-methane volatile organic compounds (NMVOCs), sulphur
dioxide (SO2), and ammonia (NH3). Two of them were Mediterranean countries, Croatia and Spain.
They exceeded ceilings for NH3 (Spain 39% and Croatia 17%). The same countries persistently exceeded
their ceiling for this pollutant over the period 2013–2016 [2].

However, the potential ecological effects of N deposition in Mediterranean-type climates have
been less investigated [3–8], even though they are usually recognized as hot-spots of biodiversity [3].
That is why it is important to understand how systems that are seasonally water limited, where dry
deposition is cumulative, and where fires occur naturally and are frequent, will respond to enhanced
reactive N deposition. Consequently, more research is needed for each region and vegetation type [9].

Advancing scientific knowledge and fostering innovation is also essential for sustainable forest
management and to guide policymakers in the Mediterranean region. Countries of the Mediterranean
basin, as well as other regions with a Mediterranean climate, face similar challenges regarding forest
ecosystems and the provision of crucial goods and services in the context of climate change [10].

Mediterranean forest ecosystems along the Eastern Adriatic coast, which mostly belong to Croatia
and cover 24% of its total forest area, are probably the most endangered forest ecosystems [11].
They provide multiple goods and services, such as water-related services, soil protection, and an
exceptional richness in terms of biodiversity and unique non-wood forest products, which is highly
significant from an ecological and economical point of view. This region is ecologically very sensitive,
because of its geographic position, complex orography, specific meteorological conditions, and number
of pollution sources [12]. The impacts of air pollution, erosion, landslides, and floods are very high in
this region. These risk factors combined with climate change are likely to affect nutrient turnover and
nutrient availability, soil moisture, and, ultimately, growth and primary productivity. Atmospheric
deposition and its transformation in contact with vegetation are of great importance in understanding
its effects on forests. It has an impact on forest ecosystems through eutrophication by nitrogen and
soil acidification, thus altering soil properties and processes [13]. Soil acidification by sulphur and
nitrogen deposition could cause a loss of base cations (i.e., calcium, magnesium, and potassium) from
the soil, inhibit base cation uptake, and decrease pH that may increase the mobility of heavy metals.
In this stage, a decrease in forest condition and growth is assumed to occur [14]. Changes in the soil
chemistry may lead to imbalances in nutrient supply and subsequently to unbalanced nutrition of
the trees. Nutrient imbalance will affect canopy photosynthesis and in turn decrease forest vitality.
The chemical composition of the foliage of forest trees is an important indicator for tree nutrition,
providing information on deficiency or an excess of nutrients [14,15].

Mediterranean forest ecosystem damage due to air pollution was determined only on the basis of
visual induces based on foliage color, degree of leaf damage (necrotic spots, fraction of area removed
by herbivores), and the degree of crown defoliation. Field-based visual observations of defoliation
showed that the situation is alarming not only because of the percentage of severely damaged trees but
also the trend of increases in the percentage of damage, as for all types of total and individual types
(except holm oak) [16].

Considering the described peculiarity and fragility of the Mediterranean environment, there is an
increasing need to improve the knowledge of this forest environment. Consequently, the aim of this
study was to examine the effects of air pollution and climate change on forest ecosystems’ condition,
mainly by the observation of tree vitality. However, tree vitality cannot be measured directly and
indicators, such as tree growth or crown transparency, defoliation, and foliar nutrient, may instead
be used [17]. Furthermore, forest monitoring and data collection activities will directly contribute
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to sustainable forest management and enhance the protection of EU forests because atmospheric
pollution has a sizeable influence on the ecological condition and productive capacity of forests. As the
protection of forests against biotic and abiotic agents is one of the main priorities of forest policy,
it is essential to have up-to-date information about the state of forests in the EU [18]. Collected data
could be used to assess the sustainable forest management on the basis of Criterion 2: Maintenance
of Forest Health and Vitality, according to Pan-European Criteria and Indicators for Sustainable
Forest Management [19]. For the purpose of this study, two regions along the Adriatic coast were
considered, Istria and Dalmatia, with different vegetation-type coverage. The eu-Mediterranean and
sub-Mediterranean area of Dalmatia is mostly covered with Aleppo pine and black pine forests while
broadleaf forests of holm oak and pubescent oak cover smaller areas and are present in different stages
of degradation. In Istria, broadleaf forests of holm and pubescent oak cover the main area of the region,
dominating over Aleppo and black pine forests.

Atmospheric deposition was measured together with vitality indicators, including those related
to foliar nutrient, growth, and defoliation, at selected plots in Mediterranean forest ecosystems.

The main objectives of the study were:

(1) To estimate the atmospheric inputs and identify differences in N deposition between the plots;
(2) To estimate actual N deposition loads and compare them to critical loads; and
(3) To identify the status of nutrients in foliage to evaluate tree growth and defoliation.

The novelty of this study was to bridge the gap in the knowledge of typical Mediterranean forest
ecosystems and to contribute to a wider overview of the impacts of air pollution in the Mediterranean
forest ecosystem of the Eastern Adriatic coast. Furthermore, the provision of relevant information
from the monitoring of these indicators for policy makers in forestry contributes to sustainable
forest management.

2. Materials and Methods

2.1. Locations and Experimental Site

Four experimental sites (plots) were chosen, which were square with an area of 0.25 ha. (Figure 1).
Two plots are located in Istria. The Šišan plot (44◦51′41.2” N; 13◦59′24.4” E, 3 m a. s. l.) is located in
southern Istria. The most common species is Quercus ilex L. (holm oak). The Poreč plot (45◦14′59.2”
N; 13◦43′52.9” E, 264 m a. s. l.) is located in Western Istria. Vegetation in this plot is dominated
by Quercus pubescens Wild. (pubescent oak). The terra rossa soil type is present on plots located in
Istria [20]. Two other plots are in Dalmatia. The Vrana plot (43◦53′23” N; 15◦33′47” E, 20 m a. s. l.) is
located in Northern Dalmatia. The main tree species in this plot is Pinus halepensis Mill. (Aleppo pine).
The Split plot (43◦41′59” N; 16◦26′34” E, 550 m a. s. l.) is located in Middle Dalmatia. The dominating
species is Pinus nigra L. (black pine). Plots in Dalmatia have a calcocambisol soil type, which is the
dominant soil in the Croatian Mediterranean area [20].

According to the Köppen climate classification, the plots are distributed in the hot-summer
Mediterranean climate subtype (Csa) [21]. Frosty days (tmin < 0◦C) are limited to winter months and
range from 12 (Split plot) to 4 days (Poreč plot). Average annual precipitation ranges from 879 (Vrana
plot) to 1277 mm (Split plot), while the mean air temperature varies from 12.4 (Split plot) to 13.4 ◦C
(Poreč plot) [22].

2.2. Sampling and Analysis

The four plots were fully equipped for the measurement of atmospheric deposition and tree
growth. Sampling, measurements, and analyses on the plots were all carried out according to the ICP
Forests (International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects
on Forests) manuals. The study period was from April 2017 to December 2018. Annual deposition was
calculated from January to December 2018.



Sustainability 2019, 11, 6805 4 of 18
Sustainability 2019, 11, x FOR PEER REVIEW 4 of 18 

 

Figure 1. Location of four experimental sites in the Eastern Adriatic coast and dominant forest type at 
each plot. 

2.2. Sampling and Analysis 

The four plots were fully equipped for the measurement of atmospheric deposition and tree 
growth. Sampling, measurements, and analyses on the plots were all carried out according to the 
ICP Forests (International Co-operative Programme on Assessment and Monitoring of Air Pollution 
Effects on Forests) manuals. The study period was from April 2017 to December 2018. Annual 
deposition was calculated from January to December 2018. 

Deposition was sampled using continuously exposed, randomly placed collectors, comprising a 
2-L graduated polyethylene bottle with a funnel with a 14-cm diameter. Nine collectors were placed 
beneath the forest canopy to collect throughfall deposition (THR) samples. Bulk open field 
deposition (BOF) was sampled using three collectors, continuously exposed. Samples were collected 
bi-weekly for the whole period from January to December 2018. The analyses of ion concentrations 
and alkalinity were performed on filtered samples (0.45 µm), except for the measurements of pH 
and conductivity [23]. Ion chromatography was used to determine the concentrations of ions, i.e., 
chloride, nitrate, sulphate, phosphate, ammonium, sodium, potassium, calcium, and magnesium 
[23]. Validation of the analytical results was performed [24]. Actual N deposition loads were 
calculated for THR deposition [25].  

In each plot, foliar samples of 10 dominant trees, assumed to be representative of the mean 
health status, were collected during the second half of the growing season [26]. The concentrations of 
nutrients were determined as follows: N by an elemental analyzer [27]; and Ca, P, Mg, and K by an 
atomic absorption spectrophotometer [26].  

Stand dendrometric parameters (tree species, mean diameter and height of trees, top height, 
tree density, total basal area, tree volume per hectare, stand age, mortality) were measured and 
determined on all trees within plots. The cut-off tree diemeter DBH was 5 cm. Measurements of 
actual basal area increment BAI were performed bi-weekly during the vegetation period, on 40 trees 
per plot equipped with dendrometer bands. Those trees were spread across the 0.25-ha plots, and 
their DBH distribution was similar to the stand DBH distribution. To determine the height of the 
treetop, a hypsometer was used [28]. Crown condition variables—defoliation and discoloration for 
all sample trees (45 trees per plot)—were assessed annually [16]. Mean annual values of crown 
defoliation as well as stem diameter were computed for every plot. The frequency of trees with 
crown defoliation (F > 25) and the frequency of trees with observed foliage discoloration (F_damage) 
were used as additional indicators of tree vitality on the plots [29]. 

2.3. Statistical Analysis 

Figure 1. Location of four experimental sites in the Eastern Adriatic coast and dominant forest type at
each plot.

Deposition was sampled using continuously exposed, randomly placed collectors, comprising a
2-L graduated polyethylene bottle with a funnel with a 14-cm diameter. Nine collectors were placed
beneath the forest canopy to collect throughfall deposition (THR) samples. Bulk open field deposition
(BOF) was sampled using three collectors, continuously exposed. Samples were collected bi-weekly
for the whole period from January to December 2018. The analyses of ion concentrations and alkalinity
were performed on filtered samples (0.45 µm), except for the measurements of pH and conductivity [23].
Ion chromatography was used to determine the concentrations of ions, i.e., chloride, nitrate, sulphate,
phosphate, ammonium, sodium, potassium, calcium, and magnesium [23]. Validation of the analytical
results was performed [24]. Actual N deposition loads were calculated for THR deposition [25].

In each plot, foliar samples of 10 dominant trees, assumed to be representative of the mean
health status, were collected during the second half of the growing season [26]. The concentrations of
nutrients were determined as follows: N by an elemental analyzer [27]; and Ca, P, Mg, and K by an
atomic absorption spectrophotometer [26].

Stand dendrometric parameters (tree species, mean diameter and height of trees, top height,
tree density, total basal area, tree volume per hectare, stand age, mortality) were measured and
determined on all trees within plots. The cut-off tree diemeter DBH was 5 cm. Measurements of actual
basal area increment BAI were performed bi-weekly during the vegetation period, on 40 trees per
plot equipped with dendrometer bands. Those trees were spread across the 0.25-ha plots, and their
DBH distribution was similar to the stand DBH distribution. To determine the height of the treetop,
a hypsometer was used [28]. Crown condition variables—defoliation and discoloration for all sample
trees (45 trees per plot)—were assessed annually [16]. Mean annual values of crown defoliation as well
as stem diameter were computed for every plot. The frequency of trees with crown defoliation (F > 25)
and the frequency of trees with observed foliage discoloration (F_damage) were used as additional
indicators of tree vitality on the plots [29].

2.3. Statistical Analysis

All experimental results were statistically analyzed using the program Statsoft Statistica 13.0.
Data in the text, tables, and figures are expressed as the mean ± standard deviation (± SD). The annual
mean concentrations of measured ions were calculated as volume-weighted means. The Wilcoxon
signed test was used to test whether BOF and THR depositions of ions were significantly different
among collector types. A significant difference was considered at the level of p < 0.05. Data normality
was tested using the Kolmogorof–Smirnov test implemented in the Statistica 13.0. software, where the
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data was considered normally distributed if the D value was insignificant at p < 0.05. Based on
normally distributed data, Pearson correlation was used to compare BOF and THR depositions of the
main chemical species at the selected locations.

The cumulative diameter increment, average annual values of the basal area increment (BAI),
and the average percentage of basal area increment (BAI%) were calculated across all trees with
dendrometer bands for each plot:

BAI = BAY_END − BAY_BEGIN (1)

BAI% = (BAI/BAY_BEGIN) · 100 (2)

Deposition of nitrogen was calculated from deposition fluxes as follows [30]:

DEP_N = N-NH4+ + N-NO3
− (3)

The deposition of nitrogen was than compared with the critical load for nitrogen taken from the
literature [31]:

DEP_N ≤ CL (N) (4)

R statistical environment [32] was used to produce plots displaying the results of the foliar analysis.

3. Results

3.1. Deposition

The annual amount of precipitation in 2018 in the open field collectors ranged between 900
(Aleppo pine plot) and 1417 mm (black pine plot) (Table 1). In general, the literature reports a
higher precipitation volume collected by bulk samplers than by wet-only samplers, with the collection
efficiency of wet compared to bulk ranging between 71% and 99% [4]. The location of the sampling
plots clearly influenced the content of the major ions. By comparing the mean annual BOF and THR
ion concentrations at the analyzed plots, it can be noticed that the highest values for Mg+, Na+, K+,
N-NH4

+, SO4
2−, Cl−, and total alkalinity were measured for THR deposition in the holm oak forest.

The throughfall rainfall volumes at all four sites were significantly lower than the volumes collected in
the open field by the same sampler (bulk). The highest value was at the black pine plot (1222 mm) and
the lowest at the Aleppo pine plot (749 mm).
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Table 1. Amount of precipitation (V) and mean annual bulk (BOF) and throughfall (THR) pH, conductivity, and concentrations of measured ions and alkalinity at each
plot. Results are presented as mean ± st.dev.

Forest Type
V pH Cond. Ca2+ Mg2+ Na+ K+ N-NH4

+ S-SO42− N-NO3− Cl− Total Alkalinity

mm µScm−1 µeq m−2 µeq L−1

Black pine
BOF 1417 5.78 ± 0.58 13.40 ± 5.27 16,446.32 ± 10,416.89 2449.04 ±

1618.25
1534.73 ±
1751.95

1222.05 ±
1406.84

6515.08 ±
9274.82

4769.93 ±
3310.24

1732.60 ±
2428.61

3881.62 ±
4757.61 0.03 ± 0.02

THR 1222 5.83 ± 0.33 26.19 ± 18.31 18,163.97 ± 11,608.10 2735.88 ±
2186.17

2229.31 ±
2510.78

1983.38 ±
1849.48

2415.61 ±
5428.74

5185.37 ±
4294.81

1596.40 ±
2973.45

2259.73 ±
2111.27 0.05 ± 0.04

Aleppo pine
BOF 900 6.01 ± 0.47 15.31 ± 7.81 1519.24 ± 7308.08 2769.67 ±

1356.26
5291.51 ±
11107.20

2046.88 ±
1323.77

5355.71 ±
1246.29

5383.76 ±
5173.81

1710.65 ±
2218.92

8793.18 ±
1761.47 0.02 ± 0.01

THR 749 5.86 ± 0.37 48.30 ± 29.07 11,887.30 ± 8025.95 3030.25 ±
1976.73

3837.16 ±
3484.15

2280.89 ±
1582.49

3199.788 ±
5550.11

5223.28 ±
3830.76

1392.11 ±
1029.45

5294.39 ±
4978.78 0.03 ± 0.01

Pubescent oak
BOF 1068 5.84 ± 0.53 21.90 ± 17.99 12,925.22 ± 25,598.87 2376.20 ±

4629.77
2669.42 ±
5252.71

2613.54 ±
5036.87

1666.15 ±
3239.78

4634.22 ±
9132.84

1178.68 ±
2344.53

3092.10 ±
6078.87 0.03 ± 0.06

THR 999 6.00 ± 0.29 36.99 ± 22.28 11,674.10 ± 7812.99 2200.24 ±
1808.33

2888.62 ±
2670.54

2766.59 ±
2752.75

2014.23 ±
2793.92

4376.92 ±
3613.12

1439.99 ±
1098. 86

3266.12 ±
3401.15 0.05 ± 0.03

Holm oak
BOF 1073 5.92 ± 0.49 42.07 ± 23.45 10,864.84 ± 7084.86 6172.85 ±

5831.87
16,170.32 ±
22,222.82

2458.92 ±
21,112.703

10,117.74 ±
29,134.63

8093.55 ±
6199.94

1156.96 ±
1040.91

27,412.98 ±
32,260.71 0.03 ± 0.02

THR 968 5.94 ± 0.29 62.18 ± 33.75 12,332.84 ± 7011.47 7659.34 ±
6101.29

19,545.58 ±
21,461.21

5046.59 ±
4749.18

12,332.84 ±
7011.47

11,316.76 ±
8769.40

1553.41 ±
1213.60

34,156.20 ±
38,285.65 0.06 ± 0.05
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According to the Wilcoxon test applied to the bi-weekly data (Table 2), significant differences
between BOF and THR depositions of ions can be observed at the black pine plot, while there were no
significant differences in the Aleppo pine plot. In the black pine plot, statistical analysis revealed a
significant difference in depositions between BOF and THR for Na+ (p = 0.037), K+ (p = 0.039), N-NH4

+

(p < 0.001), and total alkalinity (p = 0.006).

Table 2. Significance level of the differences between bulk and throughfall fluxes according to the
Wilcoxon signed test (marked as bold as significant for p < 0.05).

Forest Type Ca2+ Mg2+ Na+ K+ N-NH4
+ S-SO42− N-NO3− Cl− Total Alkalinity

Black pine 0.423 0.407 0.037 0.039 <0.001 0.086 0.253 0.333 0.006

Aleppo pine 0.272 0.683 0.729 0.594 0.470 0.826 0.778 0.875 0.115

Pubescent oak 0.300 0.759 0.911 0.509 0.011 0.427 0.191 0.840 0.016

Holm oak 0.405 0.238 0.294 0.023 0.308 0.106 0.208 0.289 <0.001

Pearson correlation was used to compare BOF and THR depositions of the main chemical species
at the analyzed plots (Table 3). In the case of the black pine plot, there were strong positive relationships
for SO4

2− and NO3
−. Also, there was a strong positive relationship for K+, NH4

+, and SO4
2− in the

pubescent oak plot. On the other hand, there were no strong correlations between BOF and THR
depositions of the main chemical species in the Aleppo pine and holm oak plots.

Table 3. Pearson correlation coefficients between bi-weekly bulk and throughfall fluxes at all analyzed
plots (marked as bold as significant for p < 0.05).

Forest Type Ca2+ Mg2+ Na+ K+ N-NH4
+ S-SO42− N-NO3− Cl−

Black pine 0.497 0.429 0.474 0.316 0.236 0.609 0.865 0.164

Aleppo pine −0.174 −0.155 0.127 0.094 0.258 −0.093 0.075 0.139

Pubescent oak 0.276 0.459 0.291 0.541 0.639 0.685 0.227 0.361

Holm oak −0.170 −0.136 −0.116 −0.123 0.217 −0.125 −0.104 0.117

Actual throughfall N deposition loads ranged between 3.41 kg N ha−1 y−1 in the Aleppo pine plot
to 19.70 kg N ha−1 y−1 in the holm oak plot (Table 4).

Table 4. Actual N deposition loads and empirical N critical loads.

Forest Type
DEP_N DEP_N Critical

kg ha−1 y−1

Black pine 8.19 15

Aleppo pine 3.41 5–15

Pubescent oak 17.64 10–20

Holm oak 19.7 10–20

3.2. Foliar Nutrition

To evaluate the foliar nutrient concentrations, we compared them to the nutrient concentration
classes derived from the plausible range of element concentrations in foliage [33]. Foliar nutrient
concentrations are expressed in mg g−1 of dry weight (Figure 2). For most elements and species,
concentrations were in the plausible range. Low values of nitrogen were recorded for holm oak and
black pine. High values of Ca were found for pubescent oak, black pine, and Aleppo pine. Only in
holm oak was the concentration of K in the low range.
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(b) pubescent oak leaves; (c) Aleppo pine needles; and (d) black pine needles.

3.3. Defoliation

The results of defoliation monitoring are given in Figure 3 for 2017 and 2018, according to the
defoliation class and plot location. There are no pronounced differences in the mean defoliation
between plots; nevertheless, we observed differences in the percentage of trees with defoliation higher
than 25%. The highest percentage of significantly defoliated trees (share of trees with defoliation higher
than 25%) was established in the Aleppo pine plot, (66.67% in the year 2017 and 60.0% in 2018). A high
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percentage of significantly defoliated trees was also observed in the pubescent oak plot (48.89% in 2017,
33.33% in 2018) and black pine plot (33.33% in 2017, 43.6% in 2018). Holm oak forest was the most vital
plot in our study, with 2.78% and 8.3% significantly defoliated trees in 2017 and 2018, respectively.
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pine plot; and (d) pubescent oak plot.

3.4. Growth

The result of the growth track on dendrometer bands is the intra-annual dynamic of tree growth
(Figure 4). The cumulative diameter increment shows the seasonality of growth. The bold red line
in the figures represents an average value of the cumulative diameter increment in a particular year,
ranging from 0.13 cm year−1 for black pine, 0.26 cm year−1 for Aleppo pine, and 0.13 cm year−1
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holm oak, to 0.20 for pubescent oak. As expected, higher values of increment can be observed in the
spring months.
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Average annual values of the basal area increment (BAI) and the average percentage of basal
area increment (BAI%) were calculated for all trees with dendrometer bands (40 trees per plot). The



Sustainability 2019, 11, 6805 11 of 18

percentage of basal area increment ranged from 0.621 to 2.582 in 2017 and from 0.717 to 2.544 in 2018.
In all four plots, the BAI% was higher in 2018 than 2017 (Table 5).

Table 5. Basal area increment (BAI), percentage of basal area increment (BAI%), and mean defoliation
on all plots.

Forest Type
Tree Density

2017 2018

BAI BAI % Mean Defoliation BAI BAI % Mean Defoliation

n/plot mm2 y−1 % % mm2 y−1 % %

Black pine 86 820 0.671 22.78 861 0.731 27.17
Aleppo pine 169 867 2.582 29.52 897 2.544 30.78

Pubescent oak 365 523 2.173 31.27 607 2.420 31.78

Holm oak 354 247 0.621 20.00 562 1.589 21.60

BAI, BAI%—mean value for 40 trees per plot.

4. Discussion

4.1. Estimation of Atmospheric Inputs and Identification of Differences in N Deposition

Several factors may have influenced rain collection efficiency, such as the evaporation of collected
rainwater, wind speed during rain events, and the geometry of the collectors [4]. Results of atmospheric
deposition chemistry, pH, conductivity, alkalinity, and volume weighted mean concentration of
each anion and cation for BOF and THR deposition are presented in Table 1. A smaller amount of
precipitation was expected in THR samples due to rainfall interception by the forest canopy [34].
THR samples contained bulk + leached + dry deposition-absorbed ions [25]. The important aspect
evident from the comparison of the collected data is that the mean values of pH between two different
typologies of samples do not differ significantly. In all plots, the average pH values were higher than
5.70, indicating that no events of acid rain occurred [35].

The difference between THR and the rain collected in an unforested area (BOF) reflects both
the wash-off of the dry deposited particles and the exchange with the leaf surfaces (absorption and
leaching) [4]. Correlations between the BOF and THR fluxes indicate differences between the plots and
typology of the samples (Table 3). Comparing all the results obtained by Wilcoxon test (Table 2), it can
be noticed that in three (black pine, holm oak, and pubescent oak plots) out of the four plots, there was
a significant difference in deposition between BOF and THR for total alkalinity, suggesting the washing
of calcareous soil dust deposited on the canopy at this site that may derive from the calcareous nature
of the soils [7].

Furthermore, Na+ and Cl− ions are the main constituents of sea salt, being considered the main
marker elements of a sea spray source. Ca2+ is a significant component of the soil dust and Mg2+ is
grouped with the crustal elements in Southern Europe [36]. Ca2+ and Mg2+ can also have marine
origins, together with K+ and SO4

2−. Nevertheless, ion SO4
2− as a marine component was well

correlated with anthropogenic origin ions, such as NO3
−, in the THR samples and BOF (Table 3).

They can also be found in the plots located close to the coastline (distance < 50 m), such as the
holm oak plot of the present study (Table 1). The plot is also influenced by the intense agricultural
activities in its surroundings, and this is highlighted by the high amount of ammonium. Alkalinity
fluxes in THR were about double those in BOF. Higher enrichment in the holm oak plot suggests
the washing of calcareous soil dust deposited on the canopy at this site that may derive from the
calcareous nature of the soils [7]. High concentrations of potassium are probably due to leakage from
leaves. Furthermore, as holm oak is evergreen, the influence of dry deposition of particles from tree
canopies can be expected over the whole year. The highest value for Ca2+ deposition was measured for
THR deposition in the black pine forest (Table 1), while in the case of N-NO3

− deposition, the highest
deposition was measured for THR deposition in the Aleppo pine forest. Although Ca2+ ion derives
from the calcareous nature of soils in all plots, the highest value of Ca2+ was measured in the black pine
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plot, which is on the hill (550 m above sea level), due to the long-range transport of Saharan dust, which
was more evident in our southeast site. Calcium THR deposition is generally high across southern
Europe, likely related to contributions from Saharan dust [37]. During its atmospheric transport, it is
partly dissolved, transformed, and can be deposited mainly through wet processes, causing red rain
events [38]. The spatial pattern of magnesium deposition is mainly dominated by marine sources.
Both Ca2+ and Mg2+ are macronutrients and act as buffers against acidification [37]. Considering
N-NO3

− deposition at the Aleppo pine plot (Table 1), it originates from wet air masses coming from
the Adriatic Sea, and the fact that most of this land area is suitable for agricultural production also
contributes to its concentration. The accumulation of dust in BOF samples was evident for Mg2+ and
Ca2+ ions in the pubescent oak plot (Table 1). These components were from the soil dust. For BOF
samples, the interesting fact was that concentrations of these ions were higher than in THR samples,
due to the soil being very rich of those elements. Potassium was derived from the soil dust and from
the canopy leaching in the THR samples (Table 1).

Considering throughfall N deposition, it is expected to be higher than in the open field, because
the former also accounts for the dry deposition of particles on tree canopies [6]. This was evident in the
oak plots. However, throughfall of both N-NO3

− and N-NH4
+ was lower than open field fluxes in the

black pine and Aleppo pine plots, indicating possible retention from the canopy (Table 1). Furthermore,
since atmospheric ammonia is principally involved in neutralizing SO2 to form ammonium sulphate
aerosols, the strong decrease of SO2 may have resulted in a reduced formation of ammonium aerosols
and may have facilitated NH3 dry deposition close to sources [7]. The canopy might take up NH4

+

from wet and dry depositions. The exchange of NH3 with the leaf surface can take place through
stomata or physical adsorption to epicuticular waxes or dissolution in water films on the leaves [39].
Other gases, such as SO2 and HNO3, interact with NH3, enhancing the deposition process. NO3

−,
NH4

+, and SO4
2− ions can be deposited from ammonium sulphate and nitrate aerosols formed by gas

phase reaction of ammonia with sulphuric and nitric acids in throughfall deposition [25].

4.2. Actual N Deposition Loads in Mediterranean Forests Compared to Critical Loads

Actual N deposition loads ranged between 3.41 to 19.70 kg N ha−1 y−1, with the lowest value in
Aleppo pine forest and the highest value in holm oak forest (Table 4). According to Bobbink et al. [31],
empirical N critical loads are range from 3 to 15 kg N ha−1 y−1 for Mediterranean Pinus woodland,
10 to 20 kg N ha−1 y−1 for Mediterranean evergreen (Quercus) woodland, and 15 to 20 kg N ha−1 y−1

for Quercus-dominated woodland. When considering our study plots (Table 4), these overlapping
values of 10 to 15 kg N ha−1 y−1 for deciduous and coniferous trees could have an impact on nutrient
imbalance, increased N, and decreased concentration of P, K, and Mg in the foliage [31].

In general, only a few geographically scattered N deposition loads are available for the
Mediterranean Basin [6,7,40,41].

In Greece, bulk N deposition values of 15 kg N ha−1 y−1 were found in Aleppo pine stands close
to Athens [40]. Throughfall deposition was much higher, indicative of dry deposition capture, reaching
values of 38 kg N ha−1 y−1. Similar N deposition values (15 kg N ha−1 y−1) were measured at an
urban site in the center of Thessaloniki, Greece, with dry forms accounting for 70% to 90% of total
N inputs [40]. The N load in Spain (15–17 kg ha−1 y−1) was within the critical load range proposed
for Mediterranean sclerophyllous forests (15–17.5 kg ha−1 y−1) [7]. In Italy, the average nitrogen
throughfall, in terms of NO3/NH4

+, measured using a network of permanent monitoring stations,
ranged between 4 and 29 kg N ha−1 y−1 [6], and the critical loads indicated for Mediterranean forest
ecosystems that fall within the range of 10 to 15 kg N ha−1 y−1 have low reliability owing to the lack of
experimental evidence in the Mediterranean region [5].

4.3. The Status of Nutrients in Foliage

For nutrient availability, there are two major sources of variability: Soil chemical composition
and climate conditions. In Europe, increased tree productivity, probably caused by high N deposition
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and atmospheric CO2 enrichment, has led to a higher nutrient demand by trees. The consequential
deterioration of tree mineral nutrition can at least be partly explained by the limited soil nutrient
supply. It is thus crucial to account for nutrient limitation when studying forest response to climate
change [42], especially since it could counteract the fertilization effect of higher CO2 [43]. Nutrient
contents of tree foliage, which reflect atmospheric- and soil-related influences, are an important part
of UN-ECE ICP’s forests monitoring scheme. The basic principle of mineral nutrition can be applied
to all plants, where growth can be achieved only if all growth factors are present and in a proper
relation. The concentration of elements (nutrients) and element ratios in foliage provides insight in the
nutritional status of the tree in terms of deficiency or excess, either in an absolute sense or relative to
the concentration of other elements [44].

The cycling and uptake of nutrients have been shown to be an important process for tree vitality.
Loss of nutrients from the system, disruption of nutrient cycling and uptake, or imbalances in nutrient
status may be associated with declines in tree condition. The lack of a certain element will result in the
hindering of dependent physiological functions, depending on the severity of the deficiency.

Compared to chemical analysis of soil, foliar analysis is a direct indicator of the availability of soil
nutrients and plant nutrition. Leaf nutrient concentrations depend on several factors: The amount and
distribution of precipitation during the growing season, the growing season duration, the soil nutrient
amount, the sampling time, the ion antagonism and mobility, etc. By combining soil and foliar nutrient
analysis, a complete picture of soil nutrient supply and nutrient accessibility to plants is obtained.
On our plots, most elements and species concentrations fall into the plausible range. Although,
some deviations can be noticed: Lower N and K in holm oak, lower N in black pine, and higher Ca
in all plots except holm oak (Figure 2). The high values of Ca did not, however, have a detrimental
effect on the concentrations of K or Mg. Only in holm oak was the concentration of K in the low range,
probably due to the fixation of potassium in the heavy clay soil present in the plot. Potassium uptake
strongly depends on its availability [45]. Because potassium deficiency reduces plant resistance to
abiotic and biotic factors, it is considered within the forest decline hypothesis [46]. Although it is
perceived as an unspecific indicator of tree vitality, defoliation seems to be related to the nutritional
status of the trees. Ferretti et al. [47] found that the proportion of beech trees with defoliation over 25%
increases with increasing ratios of foliar N with Ca and K, indicating that defoliation is related to an
imbalance in foliar nutrients.

4.4. Evaluation of Tree Growth and Defoliation

According to Lempereur et al. [48] and Campelo et al. [49], yearly BAI for holm oak shows
bi-phasic growth patterns over the year (spring growing period and early autumn growing period).
This pattern was also evident on Aleppo pine [50]. However, in our study, only thee spring growing
period was the main driver of the annual basal area growth for holm oak (Figure 4b) and pubescent oak
(Figure 4a). On the other hand, the Aleppo pine plot showed the mentioned biphasic growth pattern
(Figure 4d), and black pine showed continuous intra-annual growth in 2018 (Figure 4c). A study in
Spain suggests that drought was the key climatic factor explaining variations in growth patterns of
Aleppo pine and black pine [51]. For Mediterranean Pinus species, it is known that under favorable
growth conditions, the vascular cambium may be active throughout the entire year [52,53]. Tree vitality
can be defined as the ability of a tree to assimilate, to survive stressful conditions, to react to a changing
environment, and to reproduce [54]. According to the ICP Forests Manual [29], defoliation is defined
as leaf loss in the assessable crown as compared to a reference tree. Crown defoliation is an indicator of
tree vitality often used in forest practice [55]. At the same time, defoliation is a product of the tree crown
status from the past several years of growth, which can be misleading if used as a stress indicator when
assessing current vitality [55]. Carnicer et al. [56] showed that in water-limited forests, the main driver
of defoliation is drought occurrence. Data on soil, foliar composition, and defoliation from the ICP
Forests Level I network, paired with modelled climate data, have shown the substantial importance of
climatic parameters as predictors of defoliation in several tree species [57,58]. Holm oak forest was
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the most vital plot in our study (Figure 3b). A high percentage of significantly defoliated trees was
observed in the Aleppo pine plot and black pine plot. It should be noted that we did not observe
zero-class trees (defoliation 0–10%) in the Aleppo pine plot (Figure 3c) while in the black pine plot,
we did not observe three- and four-class trees (defoliation 61–99% and 100%) (Figure 3a). The pubescent
oak plot was the only plot where dead trees (defoliation 100%) were observed (Figure 3d), which is not
surprising considering the greater age of the stand. The cause of the high percentage of significantly
defoliated trees in the Aleppo pine plot and black pine plot is a fungus from the Lophodermium genus.

Compared to the average estimated defoliation of the crown, it is evident that the plots with lower
BAI% have lower defoliation levels that can be due to the different tree species. On the other hand,
the increase in the BAI% in 2018 was followed by a slight increase in the average defoliation of the
same year (Table 5). Lower BAI% values in 2017 could be a result of the reported drought during the
growing season [59]. The observed rise of defoliation one year after the reported drought is consistent
with previous findings [60].

Tree growth is an important indicator of forest health, productivity, and demography [61].
Tree diameter growth correlates with biomass, and therefore carbon uptake, as well as with pathogen
damage, nutrient availability, and the influence of climate on photosynthesis, among others [62].
For central Europe, growth studies have shown considerable increases in growth during the past
decades, with the fertilizing effect of N as one of the possible causes [63]. As shown in the literature,
an increase of 1 kg N ha−1 y−1 corresponds to an increase of the basal area increment between 1.20%
and 1.49% depending on the species [64].

5. Conclusions

The results of this research indicate the need for in-depth studies in Mediterranean forest
ecosystems. The research was also conducted to bridge the gap in the knowledge and to contribute to
a wider overview of Mediterranean forest ecosystems of the Eastern Adriatic coast. This especially
relevant for some species, such as pubescent oak and black pine, that are not investigated enough in
the European Mediterranean region. The atmospheric inputs and present deposition loads for nutrient
N were estimated. Results showed the highest ion concentrations for throughfall deposition in holm
oak forest. Throughfall N deposition was expected to be higher than in the open field because it
accounts for the dry deposition of particles on tree canopies as well. This was evident in oak forests.
However, throughfall of N deposition was lower than open field fluxes in pine forests, indicating
possible retention from the canopy. Actual N deposition loads ranged between 3.41 and 19.70 kg
N ha−1 y−1. This, however, did not have an effect on the concentrations in needles/leaves. On two
out of four plots, N was in the low range, while Ca was mostly high, reflecting the chemistry of the
predominantly calcareous soils of the region. No relevant differences in mean defoliation between the
plots were observed. Compared to the average estimated defoliation of the crown, it is apparent that
the plots with a lower BAI% (black pine forest and holm oak forest) have lower defoliation, which can
be due to the different tree species accounted for. It is not yet possible to make any conclusion on the
relationship between N-deposition and tree growth. With more years of growth observation and using
multiannual deposition loads, this evaluation will be done.
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