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Abstract

Background: Atmospheric nitrogen (N) deposition into terrestrial ecosystems is frequently considered as a threat to
phyto-diversity. In previous investigations, the atmospheric N inputs enriched in mosses were recorded in 2004 as
part of a regional investigation at 54 locations in north-west Germany and in 2005 at 726 locations across the
whole country. This article deals with a study conducted in 2012 comparing N concentrations in mosses sampled
within 30 forest stands and in 26 adjacent open fields in north-west Germany. The N concentration in mosses were
determined and, by the use of a regression model, converted to N atmospheric deposition values. These deposition
estimations enabled to calculate N critical load exceedances.

Results: Compared to the average N concentration in mosses sampled in open fields 2012 (7.4 kg/ha*a), the
average N concentrations in mosses within adjacent forests were almost four times higher (26.6 kg/ha*a), and the
maximum within the stands accounted for approximately 56 kg/ha*a. Compared to 2005, there was a slight decline
of the average N deposition by 2.4 kg/ha*a in open fields. However, the average N concentrations in mosses within
forests stands in 2012 remained nearly the same since 2004 (29 kg/ha*a). The atmospheric N deposition as
estimated from the N concentration in mosses ranged between the minimum and maximum N critical load at 71%
of the 56 sites investigated. At 14% of the sites, the N deposition was close to the maximum N critical load value
which was exceeded in 11%.

Conclusions: The study at hand revealed statistically significant differences between N concentrations measured in
mosses sampled within forests and in open fields. The presented findings should be accounted for both modelling
and mapping atmospheric N deposition into terrestrial ecosystems on the one hand and related estimations of

N critical load exceedances on the other hand.
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Background

Substances emitted into the atmosphere, such as nitro-
gen (N) and metals, come down to earth by wet, occult
(i.e. cloud water) and dry atmospheric deposition. Then,
in terrestrial ecosystems, they can be accumulated in
soils and plants. The partitioning between dry, occult
and wet deposition depends on atmospheric gas and
aerosol N concentrations, meteorological conditions as
well as land use and vegetation characteristics, e.g. sur-
face roughness, canopy leaf surface area and vegetation
wetness. Unlike wet deposition, which is widely moni-
tored in regional networks of wet-only or bulk precipita-
tion collectors, measurements of dry N fluxes have
largely remained experimental and limited to few re-
search sites, lasting for a few days to a few months only.
Dry deposition monitoring networks across areas of
large spatial extent remain, up to now, impracticable [1].
A comparison of results calculated by four dry depo-
sition models for 55 European sites revealed that the dif-
ferences between models reached a factor of 2 to 3 and
exceeded the differences between monitoring sites [2].

Next to atmospheric deposition measurements and
models of atmospheric compounds, environmental ana-
lyses concentrated on biomonitoring activities. Soil-
inhabiting ectohydric mosses thereby turned out to be
particularly suitable for the inventory of elements on dif-
ferent spatial scales [3-7] since they have rhizoids ser-
ving for anchorage but not for water and mineral uptake.
The application of mosses as biological samplers for dry,
occult and wet atmospheric deposition has several ad-
vantages: in addition to the long-term accumulation of
atmospheric deposition without physiological damages,
this method is cost effective and time saving. Further-
more, the moss technique enables achieving a high
spatial resolution compared to technical deposition sam-
plers. Since 1990, so-called ‘moss surveys’ were therefore
carried out every 5 years in at least 21 European coun-
tries at about 7,000 sites [8-10]. These surveys enabled
mapping the spatial and temporal trends of metal accu-
mulation in Europe [11,12]. The moss monitoring cam-
paigns corroborated a significant decrease of metal
accumulation between 1990 and 2005 by, e.g. 52% up to
72% cadmium (Cd) and lead (Pb). For mercury (Hg),
however, there was only a slight but not significant
decrease (12%) since 1995 [11,13].

In the run-up to the European moss survey in 2005, a
study was conducted in 2004 to analyse the regional variabi-
lity of N concentrations in mosses in terrestrial ecosystems
due to different land uses. For this investigation, 24 represen-
tative sampling sites within the Euro Region Nissa and 30
sampling sites within the Weser-Ems Region were selected
[7,14]. Then, in 2005, within the framework of the European
moss survey, N concentrations in mosses were mapped for
the first time nationwide in Germany. For that purpose, data
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were collected at 726 locations across the German territory
and used to validate the atmospheric N deposition deter-
mined and modelled by the European-wide European Moni-
toring and Evaluation Programme (EMEP) [10]. In addition,
atmospheric N deposition into Natura 2000 sites was esti-
mated from the data collected in the moss survey in 2005
(median 16.7 kg/ha*a) [15]. As shown by [9,14,16] and [17],
the atmospheric N deposition and the enrichment of N
in mosses differ considerably on a regional scale.

The same holds true for the maximum estimated ex-
posure to N deposition below which significant harmful
effects on specified sensitive elements of the environ-
ment are not assumed to occur according to present
knowledge [1,17-20]: such critical loads specifying that
dose that can be deposited in ecosystems per area unit
and period without any long-term harmful effect vary
spatially, depending on receptor-specific characteristics.
The area at risk due to the exceedance of critical loads
of eutrophication and the average accumulated exceed-
ance in EU27 in 2000 and 2020 under the baseline
scenario relying on national reports, i.e. representing
current legislation, were estimated to amount for 74%
and 61%, respectively. Under the maximum feasible re-
duction scenario, the area at risk in EU27 could be
24% [18]. In part, ecotoxicologically critical input levels,
critical loads, for N are exceeded extensively. However,
long-term exceedances of the critical N input rate
can lead to an imbalance of nutrients and to changes
in the species composition in sensitive ecosystems
[4,6,17,21,22]. Hence, 15% of the natural area within in
the EU27 countries can be seen at risk of significant
change of biodiversity in 2000. This area is expected to
be reduced to about 6% under the Baseline scenario and
to approximately 1% under the Maximum Feasible Re-
duction scenario, respectively [18]. Nutrient imbalances
can increase the sensitivity of plants to climatic extremes
and to biotic pests [4,6,17,22].

In previous studies, the N concentration in mosses
were used to estimate and map deposition rates on a 5 x
5 km?® raster. So far, there are only few studies on the
amount and the effect of N concentrations in mosses in
forest ecosystems in terms of the influence of canopy
drip on forest ecosystems although such may have a
significant influence on the assessment of atmosphere
deposition patterns [4,6,20]. Therefore, this article deals
with investigations on the influence of canopy drip
to the concentration of nitrogen in mosses. To this end,
mosses were collected within forest stands and in open
fields in north-west Germany, analysed for N concentra-
tions and compared to the data collected in 2004 [7,14]
and 2005 [16]. Furthermore, the impact of different
site-specific and regional factors potentially influencing
N concentrations in mosses was investigated by deci-
sion trees.
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Results and discussion

Over several years, mosses collect and accumulate dry,
occult and wet atmospheric deposition. Moss surveys
can reveal both differences in N concentrations across
large distances and within small-scale areas (e.g. site-
specific differences due to canopy drip effects) [3,4,6,7].
The study at hand revealed significant differences be-
tween N concentrations measured in mosses sampled
within forests and on open fields. Due to its large sur-
face, its height and its roughness, the total N deposition
in forests is systematically higher than in other ecosys-
tems also confirmed by the results of this study at hand.
However, the dimension of this filtering effect depends
on the air concentration and the meteorological vari-
ables such as wind speed and humidity [23]. Further-
more, interactive effects are complex and different
ecosystems react with varying sensitivity. The increased
N input in the former years enhanced the N saturation
of forest ecosystems additionally to an increased soil
acidification. While N was the limiting factor for forest
ecosystems in the past, it is nowadays a potential hazard
to the vitality of tree populations and the total ecosystem
functioning. The results of this study showed that there
are, in part, exceedances of the maximum critical N in-
put value. According to [24], short-time exceedances can
be compensated by ecosystems. Biological responses to
high atmospheric N deposition as for instance ecosystem
stability and biodiversity are often delayed. Due to the
multi-factorial relationship between the N input and the
ecological reactions in forests, the dose—response rela-
tionship is very complex. High N inputs into forest eco-
systems lead to an increased amount of N in leaves and
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needles resulting in an unbalanced nutrition. In the long
term, a permanent exceedance of N inputs in combi-
nation with other factors such as pest infestations, droughts
or frost periods can lead to a reduced vitality of forest eco-
systems, changes in rather endemic species composition
and to a limited self-regulation [4,14,17,25-28]. The reduc-
tion of atmospheric N deposition below the respective eco-
system specific critical load value can lead to a recovery of
the ecosystem concerned. However, the recovery is often
delayed and does not include all parts of the ecosystem
[19]. Thus, atmospheric N deposition is still considered to
be a serious environmental problem that must be solved,
i.e. by the reduction of N emissions [9,14,17].

Canopy drip effects

The Wilcoxon signed-rank test carried out to compare
the median values of the different sampling site catego-
ries (open field, forest stand) showed that the respective
N concentrations at open fields are significantly lower
than at sites directly within the forest stands (p = 0.000,
Wilcoxon test) (Figure 1).

The N concentrations in mosses sampled in forest
stands (2.2%) were in average twice as high as in mosses
collected in open fields (1.1%). In addition, the N con-
centrations (given in %) were transferred into atmos-
pheric N deposition values (in kg/ha*a) following [10].
Accordingly, the minimum atmospheric N deposition
amounted for 4.6 kg/ha*a (open field), the maximum for
55.9 kg/ha*a (forest stand). The average value of the
open sites was 7.4 kg/ha*a, the average of forest stands
26.6 kg/ha*a (Figure 2).
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Figure 1 Boxplot of average N concentrations (%) in mosses. Sampled in forest stands (n = 30) and open fields (n = 26) in 2012.
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Figure 2 Boxplot of average N concentration (kg/ha*a) in mosses. Sampled in forest stands (n = 30) and open fields (n = 26) in 2012.

Table 1 N concentrations in mosses for 2004 (forest stand), 2005 (open field) and 2012 (forest stand, open field)

Grid cell 2004 2005 2012
Forest stand Open field Forest stand Open field
N (%) N (kg/ha*a) N (%) N (kg/ha*a) N (%) N (kg/ha*a) N (%) N (kg/ha*a)
1 - - 122 861 2.86 39.90 1.01 6.13
2 2.36 28.23 1.08 6.91 2.39 28.88 1.36 1047
3 1.79 17.16 1.05 6.57 248 30.87 - -
5 - - - - 214 23.67 - -
6 - - 1.38 10.75 249 31.09 1.18 8.11
7 2.84 39.40 - - 290 4091 1.28 9.39
8 - - 1.30 9.65 2.90 4091 - -
10 262 34.07 - - 2.06 22.10 1.01 6.13
11 - - 137 1061 1.87 1857 117 7.98
13 - - 1.30 9.65 261 33.84 1.03 6.35
14 2.89 40.65 141 1.7 2.35 28.02 1.1 7.26
19 1.82 17.69 - - 2.77 3767 1.25 8.99
23 - - 1.05 6.57 217 24.27 - -
25 201 21.15 201 21.15 228 26.53 117 7.98
27 247 30.64 141 1.7 247 30.64 0.99 591
28 - - 1.10 7.14 1.84 18.04 1.27 9.25
29 - - 137 10.61 1.98 20.58 0.96 559
30 - - 1.33 10.06 1.56 13.40 0.92 5.18
Median 242 29.44 1.30 9.65 237 2845 1.1 7.26
Average 235 2862 1.29 9.78 2.34 2833 1.05 6.98

Grid cells without data are not listed.
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Temporal analyses of N concentrations in mosses

For the illustration of the N deposition accumulated by
mosses over time, the N concentrations in mosses collected
from open fields (survey in 2012) were compared to the
values of 2005. In addition, the N concentration values of
forest stands (survey in 2012) were compared to the values
of a regional investigation carried out in 2004 [7,14]. To this
end, only those sites with a distance smaller than 5 km were
statistically analysed. As can be seen from Table 1 and
Figure 3, the N concentrations measured in mosses sampled
in open fields in 2012 significantly differ from those in 2005
(p = 0.001, Wilcoxon test). There was a slight decline of the
median N concentrations (1 kg/ha*a) in open fields since
2005. The N concentrations in mosses were lower in 81% of
cases. The comparison between the average N concentra-
tions in mosses within forest stands in 2012 and the average
N concentrations in mosses in 2004 also showed a signifi-
cant difference (p = 0.018, Wilcoxon test). The median N
concentration decreased by 2.4 to 7.3 kg/ha*a.

CART analysis

N is emitted into the atmosphere by agriculture and by
combustion processes (industry, traffic) and is deposited at
some distances to these sources. This source-sink relation
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can be seen from the CART dendrogram (Figure 4). The
following predictors were identified to have the most
powerful influence on the N concentration in mosses:
sampling point (within forests/outside of forests) (level 1),
distance to interstate roads and moss species (level 2) and
distance to animal housings and distance to highways
(level 3). This CART model explains 81% of the variance in
the data set comprising 56 measurements. Node 0 describes
the distribution of the N measurements of the 56 sampling
points with an average value of approximately 1.7%. With
regards to the entire data set, the location of the sampling
point in open fields and in forest stands is identified to be
the factor the most associated to the N concentrations in
mosses. The average N concentration of sites not influenced
by canopy drip is about 1.1%, the average value of sampling
sites directly within the forest stand, however, is roughly
2.4%. Node 1 (open area) is split into nodes 3 and 4 by the
distance to the interstate roads. Sampling sites at a distance
of up to 8,169.5 m have lower N concentrations (approxi-
mately 1.1%) than sites in a distance higher than this value
(approximately 1.3%). This could be explained by the fact
that sampling sites that are further away from interstate
roads are located nearer to dense agricultural areas. Node 2
(forest stands) is split into nodes 5 and 6 by the moss
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Data on N concentrations can be found in Table 1.

Figure 3 Comparative representation of N concentrations in mosses (%) sampled in moss sampling campaigns 2004, 2005 and 2012.
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Figure 4 Results of the CART analysis. The most powerful predictors for N concentrations in mosses sampled in 2012 are the sampling point
(open field, forest stand) (level 1), distance to interstate roads in metres (Dist_Int), moss species (level 2), distance to animal housings in metres

species. Moss samples consisting of S. purum have a higher
N concentration (approximately 2.5%) than those of P.
schreberi (approximately 2.0%). Node 3, in turn, is split into
nodes 7 and 8 by the distance to animal housings. Sampling
sites that are far away from animal housings up to roughly
925 m show a slightly higher average N concentration (ap-
proximately 12%) than sites above this distance value
(1.037%). Node 5 is split by the distance of the sets to high-
ways. The N concentration in mosses sampled at sites up to
approximately 12,050 m away from highways have a higher
average N concentration (approximately 2.2%) than on sites
with a greater distance to highways (approximately 1.8%).

Estimating atmospheric N deposition from N
concentrations in mosses and calculation of critical load
exceedances

The comparison of N atmospheric depositions estimated
from N concentration in mosses sampled in 2012 with

the critical load values taken from [26,29] show that the
N atmospheric deposition was at most sites investigated
between the minimum and maximum critical load value
(Tables 2 and 3): the atmospheric N deposition as esti-
mated from the N concentration in mosses ranged
between the minimum and maximum critical load at
48 out of 54 sampling sites in total (89%); at 8 of these
48 sites (approximately 17%), the corresponding N de-
position was close to the maximum critical load value.
The maximum critical load was exceeded at 6 of 54 sites
investigated (11%).

Comparing deposition data estimated from measured N
concentrations in mosses and such modelled by [23] re-
veals higher similarities for forest stands than for open
fields (median N deposition estimated from moss concen-
trations for forest stands, 25.7 kg/ha*a; median N depos-
ition estimated from moss concentrations for open fields,
7 kg/ha*a; median modelled deposition for forests without
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Table 2 Critical loads and deposition data
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Grid cell Forest stands Open field
EUNIS-code CL (kg/ha*a) N-Dep (kg/ha*a) EUNIS-code CL (kg/ha*a) N-Dep (kg/ha*a)
Min Max Mosses Model Min Max Mosses Model
1 G1.51 38 1551 399 41.0 G1.51 38 155.1 6.1 380
2 G1.87 39 1744 289 370 G1.87 53 612 105 340
3 G4.71 43 522 309 340
4 G4.4 32 293 1.5 370 G1.91 4.2 300 5.1 290
5 G4.71 4.0 346 23.7 31.0
6 G1.51 4.0 1306 311 350 G1.51 4.0 130.6 8.1 350
7 G1.91 4.1 332 409 46.0 G1.91 4.1 330 94 350
8 G1.91 4.1 333 409 43.0 G1.91 4.1 333 93 430
9 G1.91 4.2 30.2 24.9 380 G1.91 42 30.5 1.2 380
10 G1.91 4.2 276 22.1 36.0 G1.91 42 276 6.1 340
[ GI1.91 48 284 186 290 G1.91 48 284 80 290
12 E1.72 76 244 189 29.0 E1.72 76 244 46 290
13 GI1.91 42 338 338 430 GI1.51 4.2 338 6.3 46.0
14 GI1.91 4.2 315 280 420 G1.91 4.2 315 73 420
15 G1.91 4.2 286 239 45.0 G1.91 4.2 286 6.0 45.0
16 GI1.91 34 284 29.1 370 G1.91 34 284 109 370
17 G4.71 55 408 559 310 G4.71 55 408 9.0 310
18 G3.42 9.1 47.1 14.8 280 G1.221 91 47.1 50 280
19 G1.51 38 143.7 37.7 480 G1.91 38 143.7 9.0 480
20 G1.221 5.7 34.5 213 420
21 17.2 380 6.1 380
22 G1.91 4.1 22.8 151 370 G1.91 4.1 229 6.8 370
23 GIA.16 49 26.3 243 33.0
24 D5.3 108 24.5 289 250 D5.3 10.8 24.5 54 250
25 GIA.16 54 487 26.5 45.0 GIA.16 54 487 8.0 410
26 G1.91 48 284 453 59.0 G4.4 3.8 284 84 44.0
27 G1.91 4.1 259 306 48.0 G1.91 4.1 259 59 48.0
28 G1.91 4.1 22.8 18.0 370 G1.91 4.1 22.8 9.3 370
29 GI.51 38 1206 206 250 GI1.51 38 1206 56 250
30 G1.91 4.0 26.0 134 29.0 G1.91 4.1 26.0 52 30.0
Median 25.7 370 70 370
regards to adjacent open fields, 37 kg/ha*a) (Table 2). This Conclusions

was corroborated by the results of the correlation analysis,
yielding a higher significant association between deposition
data derived from moss concentrations within forest stands
and modelled deposition data (Spearman rank correlation,
0.47; p < 0.05) compared to open fields. Here, the corre-
lation between N deposition estimated from N concentra-
tions in mosses was lower and not significant (Spearman
rank correlation, 0.37; p > 0.05). The shown differences
could be explained by the fact that the critical loads were
calculated with regard to forests as receptors but not for
open fields [18,26].

The presented findings should be accounted for future
monitoring activities dealing with atmospheric deposition
of N in terrestrial ecosystems. Due to the results of this
study, it seems important to differentiate more precisely
and strictly between open fields and forest stands to ensure
the comparability of the N concentration measurements
over time, to avoid an over- and an underestimation of
N concentrations and, thus, to yield data for validating
the modelling and mapping of atmospheric N depo-
sition and related critical loads [30]. Thus, it should be
mandatory to describe the sampling sites exactly,
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Table 3 Habitat of EUNIS codes

EUNIS code Habitat
D53 Swamps and marshes dominated by
Juncus effusus or other large Juncus spp.
E1.72 (Agrostis-Festuca) grassland
G1.221 Great medio-European fluvial forests
G1.51 Sphagnum (Betula) woods
G1.87 Medio-European acidophilous (Quercus) forests
G1.91 (Betula) woodland not on marshy terrain
GIA.16 Sub-continental (Quercus-Carpinus betulus) forests
G3.42 Middle European (Pinus sylvestris) forests
G4.4 Mixed (Pinus sylvestris-Betula) woodland
G4.71 Subcontinental nemoral (Pinus-Quercus) forests

especially with regard to the distance of the moss sam-
pling or the deposition collectors to trees and canopies.
Accordingly, future moss surveys in Europe will be
undertaken using a digital questionnaire comprising in-
formation and aspects regarding, among other things,
vegetation, land use and soil observed at the monito-
ring sites [9,13,31,32]. The questionnaire was developed
within the German moss surveys and adopted to the
moss sampling and requirements of other European
countries.

Methods

Study area and sampling points

In accordance with the investigation purposes, a study
area with an overall size of 110 km x 92 km was chosen
in north-west Germany (Figure 5). As calculated from
the 2006 Corine Land cover map [33], the study area is
primarily dominated by ‘non-irrigated arable land’ (ap-
proximately 82%) followed by ‘pastures’ (approximately
12%), by ‘complex cultivation’ (approximately 2%), by
‘coniferous forest’ (approximately 1%) and by ‘discon-
tinuous urban fabric’ (approximately 1%) (Table 4).
Along with very high densities of animal farming, high
atmospheric N deposition can be expected [25].

According to the ecological land classification of
Germany [34], the study area is mainly covered by
ecoregions 42 (Niedersidchsische Geest) (approximately
78%), 43 (Niedersdchsische Geest und Liineburger
Heide) (approximately 10%) and 47 (Niedersichsische
Borden) (approximately 8%). In Table 5, ecological cha-
racteristics of these ecoregions of Lower Saxony and
percentages of ecological land classes in Germany and in
the study area are compiled.

Following [3], the total study area was divided into 30
grids, each covering 18 km x 18 km (Figure 6). Within
each of the 30 grid cells covering the study area, one
sampling point was chosen, consisting of one site within
forest stands and one adjacent sampling site in open
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areas where mosses without canopy drip influence were
sampled. In order to enhance the comparability to the
values determined in the European moss monitoring in
2005 [16] and in a regional study conducted in 2004
[7,14], former sites were re-sampled wherever possible.

According to [34], 37 out of 56 sampling points (66%)
located within the study area are assigned to be conife-
rous forests, followed by non-irrigated arable lands
(21%), by mixed forests (7%), transitional woodland-
shrubs (4%) and by lands principally occupied by agri-
culture, with significant areas of natural vegetation (2%).
Forty-six sampling points out of 56 in total (82%) are
assigned to ecoregion 42 followed by ecoregion 43 (11%)
and ecoregion 47 (7%) (Additional file 1: Table S1).

Moss sampling and chemical analyses

Sampling, conducted from September to October in 2012,
and chemical analyses followed the European experimen-
tal protocol [35,36] derived from the Scandinavian recom-
mendations [37] and continuously improved since then
[31,32,35]. Within the study area, both sites affected by
canopy drip effects within forests with at most 2 m dis-
tance to the tree trunk and from nearby sites without any
influence of canopy drip with a distance of at least 10 m
from the tree trunk were chosen. The sampling locations
were at least 100 m far away from streets and single
houses, 300 m from settlements and 1,000 m from indus-
trial installations. According to the guidelines, Pleurozium
schreberi was sampled in first priority. Where Pleurozium
schreberi was absent, Scleropodium purum was collected
(Additional file 2: Table S2). In total, there were 30 sam-
pling sites classified as being affected by canopy drip.
Twenty-six moss samplings could be carried out at sites
without any influence of canopy drip.

According to [35], each moss sample was prepared
and then dried at 40°C until a constant weight followed
by a homogenization of every single sample. By means
of a C/N-analyzer, the mass concentration of the total
N accumulated in the sampled mosses was measured
following the VDLUFA methodological manual II,
3.5.2.7. For quality control purposes, standard reference
material was included into the chemical analyses yielding
good results (Additional file 3: Table S3).

Like in the monitoring campaigns 2004 [7,14] and
2005 [16,31] in 2012, each sampling site was described
in detail to document potential influences on the con-
centration of N in mosses. To this end, the data was in-
tegrated into a moss meta-database and linked to the
measurement data on N concentration in mosses.
Amongst others, the following sampling point describing
meta-data were recorded (Additional file 2: Table S2):
sampling in open field/forest stand, geographic coordi-
nates, moss species (P. schreberi, S. purum) sampled, ele-
vation above sea level (m), distance to tree trunk (m),
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Figure 5 Geographical location of the study area within Lower Saxony (Germany).

tree height (m), vegetation at sampling point, percentage
proportion of agrarian and urban land use in a grid of 5
km? around sampling sites both derived from the 2006
Corine land cover map [33].

Statistical analyses of canopy drip effects

In order to check for significant differences between open
fields and forest stands, as a first step, the N concentration
in mosses given in (%) was logarithmised due to a right-

skewed distribution. For comparing N deposition calculated
from the N concentration in mosses with modelled total de-
position calculated by [23] and critical load values for N
given by [26,29], the N concentration in mosses was add-
itionally transferred into atmospheric N deposition rates
(kg/ha*a). This was achieved by applying the following re-
gression model which was derived from data on modelled
atmospheric N deposition (EMEP) and geostatistically esti-
mated N concentrations in mosses (European moss survey)
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Table 4 Proportion and kind of land use within the study area

Level 1 Level 2 Level 3 Total area (ha) Proportion (%)
Artificial surfaces Urban fabrics Discontinuous urban fabric 63,501 130
Agricultural areas Arable land Non-irrigated arable land 4,002,828 82.02
Pastures Pastures 554,884 11.37
Heterogeneous agricultural areas Complex cultivation 76,928 1.58
Forests and semi-natural areas Forests Coniferous forest 66,033 135

Values below 1% are not presented.

[10]: Y = 1.8 x +6.4 (Additional file 4: Table S4). Subse-
quently, a Wilcoxon signed-rank test was carried out to
compare the median values of the different sampling site
categories (open field, forest stand).

Temporal analyses of N concentrations in mosses

The temporal analyses of N concentrations in mosses
sampled in 2012 (this investigation), 2005 [16] and 2004
[7,14] rely on the comparison of respective sites with a
distance smaller than 5 km from another. In 2012, the
sampling took place, both, at sites affected by canopy
drip effects within forests and at nearby sites without
any influence of canopy drip, thus two N concentration
values per site were available for most sites. In the re-
gional investigation conducted in 2004, moss samplings
took place within forest stands [7,14]. In the moss sam-
pling campaign 2005, however, sampling took place on
open fields [16]. In this study, the N concentration
values of the study conducted in 2004 [7,14] were com-
pared to the N concentration in mosses within forest
stands determined in 2012 whereas the N concentration
values of mosses on open fields sampled in 2012 were
compared to the N concentrations determined in the
moss campaign 2005. Subsequently, a Wilcoxon signed-

rank test was carried out to compare both the median
values of the N concentrations at open fields 2005 and
2012 and the median values of the N concentrations
in forest stands in 2004 and 2012.

Classification and regression trees analysis

Correlations between N concentrations in mosses (%)
and site-specific and regional conditions potentially in-
fluencing factors were investigated by the Classification
and Regression Trees (CART) [38,39]. In this study, the
following describing variables taken from Additional file 2:
Table S2 (Supplement) were integrated as potential predi-
ctors for N concentrations (target variable) into the CART
model: sampling point (open field, forest stand); moss spe-
cies (P. schreberi, S. purum); tree height; distances to
roads, interstate roads, highways, settlements, industry,
animal housings and agriculturally used areas; percentage
proportion of the agrarian density in a radius of 5 km?
around the sampling sites derived from the Corine data-
base [33]; percentage proportion of urban land uses
around 5 km of the sampling sites also derived from
Corine [33]. CART divides iteratively heterogeneous data
sets into more homogeneous classes regarding the target
value, which is the N concentration in mosses. In this way,

Table 5 Ecological characteristics of ecoregions dominantly covering Lower Saxony

Ecoregion Texture PNV Temperature Evaporation Precipitation Radiation Germany Study
(°Q) (mm) (mm) (Wh/gm) (%) area (%)
42 Coastal and riverine  Atlantic/subatlantic hygrophilous 9.0 46.5 634 32734 73 783
sediments and sand  birch-common oak forest with
Betula pubescens, Frangula alnus
and Molinia caerulea
43 Glacifluvial sediments  Atlantic/subatlantic mixed forest 84 46.7 59.0 3,286.8 72 96
and sand with oaks and beeches
(Fagus sylvatica, Quercus robur,
Q. petraea) with Lonicera
periclymenum, Maianthemum
bifolium, Vaccinium myrtillus,
partly llex aquifolium
47 Loess and loessial Southern subatlantic/Central 93 480 60.9 3,303.9 8.1 8.1
derivates European high montane spruce-

pine-oak forests (F. sylvatica, Abies
alba, Picea abies) with Luzula
sylvatica and in the East with
Calamagrostis villosa

Prevailing soil texture (Texture), potential natural vegetation (PNV), annual average value of temperature (Temperature), annual average value of evaporation
(Evaporation), annual average value of precipitation (Precipitation), annual average value of global radiation (Radiation), percentages of ecological land classes in

Germany (Germany) and in the study area (Study area).
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Figure 6 Geographical distribution of sampling points within study area. For geographical coordinates, land use, ecoregion and further
details, see Additional file 1: Table ST and Additional file 2: Table S2.

classes (subgroups or nodes) are produced by a series of
‘if-then’ splits in order to maximise the homogeneity of the
target variable step by step. Provided the target variable is
metrically scaled (as holds true in this investigation), the
least squared deviation is used as a measure of impurity.
Such corresponds to the difference of the within-node
variance between a respective node and the two resulting
sub-nodes. The latter is adjusted for the different number
of cases within each sub-node. Possible splits are tested for
all variables until the best possible homogeneity is reached
to choose the respective split variable as a predictor
[38,39]. Using CART, both the target variable and the pre-
dictor values may be of categorical, ordinal or metric scale,
i.e. interval or ratio, according to [40].

Estimating atmospheric N deposition from N
concentrations in mosses and calculation of critical load
exceedances

In order to assess whether the atmospheric N depositions as
estimated from N concentration values in mosses potentially
exceed ecotoxicologically critical effect levels, critical load

values given by [26,29] were incorporated into the statistical
analyses. To this end, the N critical load values given in ionic
equivalents (eq/ha*a) were converted into kg/ha*a according
to [19]. Critical loads are given as value ranges (minimum
and maximum critical value) due to ecosystem-specific re-
sponses to N inputs [1], classified according to European
Nature Information System with a spatial resolution of 1
km? x 1 km? [1,41,42]. The corresponding critical load map
was made available in terms of point geometries covering
mainly forests (96%) and other pristine areas in Germany
[29]. In this study, only those moss sampling sites within a
distance of 2 km to the closest point with critical loads infor-
mation were chosen for the analyses, hence one site (grid
cell 21, see Figure 6) was not considered.

Additional files

Additional file 1: Table S1. Characterisation of the respective sampling
points. These are labelled by numbers (Grid cell) based on the land use [33]
and the ecological land classes [34]. Included are the sampling point (open
field, forest stand), latitude and longitude (Gauf-Kriger coordinate system) and
administrative district where the respective sampling point is located.
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Additional file 2: Table S2. Metadata used in statistical analyses.

Labels of grid cells (see Figure 6), sampling points (sampling), coordinates
according to the GauB3-Krliger coordinate system (latitude, longitude),
administrative district, date of sampling, sampled moss species (moss
species), feet above sea level (m), distance to tree trunk (m), tree height
(m), position of sampling point: within forest/outside of forest (clearing),
distance to roads (m) (Dist_Road) (m), Distance to interstates (m)
(Dist_Int), distance to highways (m) (Dist_High), distance to settlements
(m) (Dist_Set), distance to agricultural land (m) (Dist_Agri) (m), distance to
animal housings (m) (Dist_Ani), distance to industry (m) (Dist_Ind),
agrarian density around sampling point (%) and density of urban areas
(%) around sampling points.

Additional file 3: Table S3. Quality control data.

Additional file 4: Table S4. N concentrations in mosses 2012 (N (%)
and N (%) log) and total atmospheric N depositions (Nm). Additionally
included are grid cell number (see Figure 6), sampling point (open field,
forest stand), latitude and longitude (GauB-Kriiger coordinate system) and
administrative district where the respective sampling point is located.
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